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ABSTRACT

Author: Lesko, Jennifer M. M.S.
Institution: Purdue University
Degree Received: December 2017
Title: Restoration of Hardwoods through Conversion of Non-native Conifer Plantations
Committee Chair: Douglass Jacobs
Forest tree species such as American chestnut (Castanea dentata (Marsh.) Borkh)
and oaks (Quercus spp.) have been heavily impacted by forest changes in the eastern US
during the past century. American chestnut, a once-important eastern US forest tree, was
decimated by chestnut blight fungus. Blight-resistant chestnut hybrids have been
developed, however, and so restoration is now conceivable. Regeneration of oak is poor
in eastern forests due to disturbance regime changes including lack of fire, deer
overabundance, and competition with faster-growing species. Concurrently, large areas
of mature introduced pine (Pinus spp.) plantations exist in the Midwest Central
Hardwood Forest following their wide-scale establishment 50-60 years ago. These
monoculture plantations are in decline due to storm damage and other threats. They also
have little economic and ecological value due to lack of a viable proximate market and
limited biodiversity. Pine, oak, and chestnut are associates with similar site preferences
suggesting that these pine plantations may represent ideal sites for planting of threatened
hardwood species before less desirable species naturally regenerate and replace pine. We
conducted two experiments to determine optimal pre- and post-planting management
strategies for converting pine plantations to valuable hardwood species in the Central
Hardwood Forest.
For the first experiment (Chapter 2), we manipulated the canopy of pine
plantations with clearcut and shelterwood treatments, and a fully intact canopy was
retained as a control. We underplanted hybrid and pure American chestnut and northern
red oak (Quercus rubra L.) seedlings in the three canopy treatments. Herbaceous and
woody competition was either controlled or not through two growing seasons.
Microenvironmental measurements were taken throughout the course of the study. Soil
results indicated an acidic pH and low levels of some nutrients. After three growing
seasons, oak performed best in the clearcut and chestnut in the shelterwood treatment.
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This reflects variation in shade tolerance of the two species; chestnut exhibits
intermediate to high shade tolerance while northern red oak is less shade tolerant.
Chestnut height and RCD were double that of oak, and chestnut leaf N content increased
with light availability while oak did not. These results can be explained in large part by
different adaptive strategies in biomass allocation between the two species; oak tends to
allocate resources proportionally more toward root growth and chestnut toward
aboveground growth. Both species had highest photosynthesis in the clearcut. Chestnut
seedlings had significantly higher RCD (root collar diameter) in weeded clearcut and
shelterwood plots, and oak had significantly higher RCD in weeded clearcut plots.
Weeding in the uncut control plots was ineffective because shade limited the degree of
herbaceous competition.
For the second experiment (Chapter 3), we manipulated pine canopy to create the
same three silvicultural treatments and underplanted hybrid American chestnut and
northern red oak. Additionally, a fourth ‘open field’ treatment was added. Conifers often
affect soil chemical characteristics, and we sought to compare pine (three original
silvicultural treatments) and non-pine (open field) soils to determine whether pines did
reduced soil fertility and thereby impacted seedling growth. For two growing seasons,
two levels of controlled release fertilizer (CRF) were applied directly to seedling root
systems along with an unfertilized control. Chestnut and oak seedlings both had
significantly greater height and RCD after two growing seasons in the clear cut and
shelterwood than uncut control and open field. Chestnut height and RCD were triple that
of oak, likely due to contrasting growth strategies of the two species and disparate initial
planting stock size. Fertilization increased seedling growth more in the clear cut and open
field than shelterwood and uncut control, probably due to higher light and water
availability. Open field seedling survival and leaf nutrient concentration were less than
the other treatments, likely associated with occurrence of flooding and incidence of
ambrosia beetle, rather than soil effects. Soils were not very different between open field
and pine-forested treatments, except for significantly higher pH, potassium, and sulfur in
the open field likely due to high buffering capacity of soils conferred by soil
characteristics. Though the soils of current or former conifer plantation sites in this study
have low pH and base saturation, oaks and chestnuts are adapted to these conditions.
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Results from this study suggest that pine plantations are ideal locations for
northern red oak and American chestnut restoration and provide insight regarding the two
species’ ecological growth strategies and habitat preferences. Shelterwoods and clearcuts
are each viable silvicultural conversion options for oak and chestnut provided that
herbaceous competition is controlled. Addition of CRF augments further growth increase,
especially in open environments.
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CHAPTER 1. INTRODUCTION

1.1 Threats to native hardwood species
Many ecologically and economically important temperate hardwood species have
faced challenges in the past century. Threats come from introduced or exotic species,
which include plant species that suppress seedling growth as well as pathogens that can
wipe out a native tree species (e.g. Collier et al. 2002, Jacobs et al. 2013). Forest drivers
such as increased ungulate population and human-mediated fire suppression also threaten
hardwood species (Abrams 1992, Russell et al. 2001). Together, these factors lead to
altered forest composition and function. American chestnut (Castanea dentata
(Marshall) Borkh.) and oaks (Quercus spp.) are among the species most heavily impacted
by these changes (e.g. Lorimer 1984, Crow 1988).

1.1.1. American chestnut.
American chestnut was once a foundation species of the eastern United States
(Ellison et al. 2005, Jacobs et al. 2013, Figure 1). It comprised an estimated 25% of
eastern hardwood forests, and made up 40-45% of the canopy in the southern
Appalachians (Reed 1905, Keever 1953, Burnham 1988). It was the lone reliable annual
source of large nuts, and trees nearly always regenerated from root sprouts due to all the
fruits being eaten (Paillet 2002). This evidence indicates that chestnut fruits were a staple
for squirrels, turkeys, and other wildlife (Hepting 1974). Additionally, American
chestnut lumber is similar to oak, and high tannin content makes it fairly rot resistant;
long-dead chestnut logs composed 25% of large woody debris in streams in a study in the
1990’s (Wallace et al. 2001). It was used for many purposes, especially those that
required a durable wood, such as railroad ties, shingles, caskets, and furniture (Freinkel
2007). Chestnut is a fast-growing species, so it has a short rotation period. Wood was
valuable due to long unbranched trunks (Hepting 1974).
In the early 1900’s chestnut blight fungus (Cryphonectria parasitica (Murrill)
Barr) was accidentally introduced from Asia. With no coevolutionary resistance to the
fungus, an estimated 4 billion chestnuts were wiped out (Hepting 1974). Trees still
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resprout (Figure 2) but the sprouts are killed by blight within a decade or two (Paillet
2002). Now, remaining American chestnuts have been bred with Chinese chestnut
(Castanea mollissima Blume), which is resistant to the blight. The backcross breeding
program crosses American-Chinese chestnut hybrids with American chestnut for multiple
generations, resulting in 94% American chestnut and 6% Chinese chestnut trees. These
backcrossed hybrids are morphologically and ecologically indistinguishable from
American chestnut while still being resistant to chestnut blight (Diskin et al. 2006).
Interest in research to understand chestnut ecology and biology has increased now that
hybrids provide optimism toward restoration of the species (Jacobs 2007, Wang et al.
2013). Therefore, chestnut hybrids are now being tested in plantings for the eventual
restoration of American chestnut to North American forests (Wang et al. 2013).

Figure 1.1. Castanea dentata pre-blight distribution.
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Figure 1.2. American chestnut resprout in eastern Kentucky positioned above other dead
sprouts.
1.1.2. Oaks.
Oaks are a main forest component in much of the Central Hardwood Forest. They
are considered foundation species, supporting whole ecosystems (Ellison et al. 2005).
Oaks are an important source of food and cover, producing large seeds consumed by
squirrels, turkeys, deer, and other wildlife (Johnson et al. 2009). Many species of insects
such as cynipid (gall) wasps are dependent on oaks for reproduction and survival (Price et
al. 2004). They yield timber valued for its hardness and strength that can be used for a
variety of purposes such as veneer, furniture, and construction. Finally, they are popular,
and were recently voted “America’s national tree” (Ntl. Arbor Day Foundation 2004).
Though oak-hickory forests are the predominant forest type in much of the
Central Hardwood Forest, oak regeneration is in decline (Lorimer 1984). This is
primarily due to changes in disturbance regime and deer population increase, which both
reduce oak’s competitive ability against other species (Lorimer 1984, Johnson 2009).
Oaks have low to intermediate shade tolerance, so they are dependent on gaps if
they are to reach the canopy (Gottschalk 1985, Dey and Parker 1996,). The light in a
closed canopy understory with no large gaps is usually limiting for oak regeneration to
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survive more than a few years. Therefore, some disturbance is required to keep oaks
dominant, and this was historically achieved with fire. Frequent low-intensity fires were
set for thousands of years by Native Americans, and in the 19th century by European
immigrants, and oaks thrived during these times. Oak species have varying degrees of
fire adaptation, including thick bark and a deep root system that confer the ability to
readily resprout when the main stem is damaged (Johnson et al. 2009). However, after
the occurrence of extensive, very destructive wildfires in the early 1900’s, people
believed that fire was a danger to forests, and a period of fire suppression began. With
fire suppression and lack of repeated understory disturbance, oak regeneration sharply
decreased as canopies closed and oak could no longer compete with established underand mid-story shade-tolerant species when small-scale disturbance (e.g., windfall or
selection harvest) did occur (Abrams 1992).
White-tailed deer (Odocoileus virginiana Zimmerman) were extirpated in much
of the Midwest by the beginning of the 20th century with the influx of European
settlement and commercial hunting. Since efforts to save the deer such as strict hunting
regulations and changes in land use began, populations increased dramatically for the
remainder of the 1900’s (Russell et al. 2001). Current deer densities routinely exceed
pre-European settlement times. Deer preferentially browse oak seedlings and can
severely reduce oak regeneration relative to other tree species (Rooney and Waller 2003).

1.2. Pine plantations in the Midwest
1.2.1. History of conifer establishment.
Approximately 80 years ago, pine (Pinus) species were planted en masse in many
locations in the Midwestern United States. The Civilian Conservation Corps (CCC) and
Works Progress Association (WPA), programs created to employ jobless citizens during
the Great Depression, conducted much of this planting (Parker and Ruffner 2004).
Because many acres in the United States Midwest had been over-farmed and abandoned,
afforestation was implemented to counteract the resulting soil erosion. Pine species were
used mainly because they were the only trees available in nurseries at the time (Dumroese
et al. 2005). In Michigan for example (even though eastern white and red pines are
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native there), reforestation occurred at a rate of 1000 to 1500 trees a day (Otis et al.
1986).
A second wave of pine establishment occurred 40 to 60 years ago. This time,
pines were planted not only for erosion control but for new reasons as well, such as
attracting wildlife and reducing streamflow (Swank and Miner 1968). Pine species
planted were mainly eastern white pine (Pinus strobus L.), red pine (Pinus resinosa
Aiton), and shortleaf pine (Pinus echinata Mill).

a)

b)

Figure 1.3. Native ranges of: eastern
white pine (a), red pine (b), and
shortleaf pine (c).
(c).
shortleaf

c)

1.2.2. Present distribution of pine plantings in Illinois, Indiana, and Ohio.
Presently about 60,000 ha or 600 km2 in Illinois, Indiana, and Ohio, 0.88% of the
total forest surface, is forested with non-native conifer species (Table 1). Specifically in
Indiana, eastern white pine is found in both the north and south, and shortleaf pine is
found mainly in the south. Though the pines did stabilize the degraded soils, it is
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recommended that a conversion of forest type occur with the end of their rotation, for the
subsequent reasons.

Table 1.1. Number of hectares of each conifer type for Illinois, Indiana, and Ohio.
Adapted from Claesson (unpublished 2012).
Illinois

Indiana

Ohio

Total

White/red/jack pine

8878

10164

19461

38503

Loblolly/shortleaf pine

8725

9073

1806

19604

Other exotic softwoods

0

0

1427*

1427*

17603

19237

22694

Total

Grand total:
59534 ha

*”Other exotic softwoods” is not clearly defined, and the number here is 50% of the listed value, as about half are likely Christmas
tree plantations.

1.2.3. Problems with conifers and reasons to change back to hardwoods.
1.2.3.1. Not native.
While most of the United States has at least one species of native pine, this is only
true for a small portion of Illinois, Indiana, and Ohio. The only common native conifer in
much of these three states is eastern redcedar (Juniperus virginiana L.). Eastern white
and red pine are native to a few colder climate pockets of Indiana and Illinois and
northeast Ohio (Figure 3ab), while shortleaf pine is native to southern Ohio and Illinois
(Figure 3c). Other indigenous conifers, including Virginia pine (Pinus virginiana Mill),
jack pine (Pinus banksiana Lamb), pitch pine (Pinus rigida Mill), and eastern hemlock
(Tsuga canadensis L.), are found on edges or as glacial relics of limited distribution in
the region of interest. A few other non-native conifer species are planted ornamentally
and for Christmas trees but are not treated in this study. Summarily, most eastern white,
red, and shortleaf pines in Illinois, Indiana, and Ohio were planted outside of their native
ranges. Pine regeneration in most of these plantations is either absent or outcompeted by
other species.
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1.2.3.2. Not profitable.
Because few softwood conifers are found in Illinois, Indiana, and Ohio, there are
no softwood mills within these states (Figure 4). Therefore, virtually no market for
softwood species exists (Spelter et al. 2007). While pine timber is normally profitable,
all softwood mills are too far away and cost of transportation exceeds net profit.
Hardwood species are more valuable than softwoods in the Central Hardwood Forest
region (Walters et al. 2008). Ninety-eight percent of the market in the area of interest is
based in hardwoods, and Indiana is considered a ‘hotspot’ for hardwood processing
(Walters et al. 2008). This increases the benefit of a swift conversion from introduced
conifer plantations to native hardwood species.
From an applied perspective, growth of trees in monocultures can be appreciable.
However, studies have found that planting trees in mixed stands can increase total growth
in a plantation setting, depending on the combination of species being planted (Piotto
2007). Thus, though the subject is quite complex, mixed stands often improve economic
productivity of hardwood and conifer forest plantations (Nichols et al. 2006). Converting
pine monocultures to hardwood species in the region of interest would not only provide
greater potential ecological and commercial value, but would also have the added benefit
of establishing a polyculture.

Figure 1.4. Distribution of United States softwood lumber mills.
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1.2.3.3. Biodiversity and ecosystem function.
Monocultures of non-native conifers have been correlated with lower biodiversity
(Engel and Ammer 2001). Plantations are not ‘bad’ for biodiversity, and can act as
habitat for many species, including threatened and endangered ones (Brockerhoff et al.
2008). However, European studies have shown that herbaceous plant, macroinvertebrate,
and bird diversity is higher in converted and mixed hardwood species stands than in pure
Norway spruce stands, the analog to our eastern white pine (Engel and Ammer 2001). In
another study, bird diversity was higher in oak stands than in pine stands (Briggs et al.
1982). Replacing monocultures with mixed species stands would be beneficial for
biodiversity and ecosystem function. A decrease in biodiversity has been linked to nonnative conifer forests in some studies, but this could be confounded with a reduction in
biodiversity found in even-aged monocultures (Barbier et al. 2008). Two or more species
may use resources differently and together make a single site more resistant to physical
and biotic stresses (Cannell et al. 1992; Kelty et al. 1992). In addition, certain species
combinations exist where one species benefits from the presence of another (Mitscherlich
1978). For example, one tree species may alter canopy structure in a way that favors the
ability of another species to intercept light (Nobel et al. 1993).

1.2.3.4. Effects on soil.
Soil fertility is affected by non-native pine monocultures. In southern Indiana,
Pinus species reduced nutrient availability, organic matter cycling, soil pH, and soil
buffering capacity compared to many hardwood species (Duffy 2014). The same trends
have been found in other studies. In Germany, nitrate leaching decreases when broadleaf
trees are added to a pure Norway spruce stand (Rothe 1997; Heitz 1998). In a
Connecticut study, soil pH was found to be significantly lower underneath eastern white
pine and Norway spruce (Picea abies (L.) Karst) than green ash (Fraxinus pennsylvanica
Marsh.) (Binkley and Valentine 1991). Conifer litter decomposes more slowly than
hardwood litter and builds up. This can become a mechanical barrier to germination and
seedling establishment of many mesophytic plant species (Hartman et al. 2005).
However, some of the research comparing soils under different tree species has been
confounded because of differences in previous site histories and soil characteristics
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(Binkley and Valentine 1991, Brady and Weil 2000). Conversion success could depend
on the impact of pine stands on soil productivity and chemistry if mesophytic species are
to be planted (Duffy 2014).

1.2.3.5. Wind damage
Non-native conifer monocultures tend to be more susceptible to wind damage
during storms than broadleaf and mixed species stands (Spiecker et al. 2004). This is due
to factors of height-DBH ratio, wood strength, and rooting structure (Webb 1989, Foster
and Boose 1992). In Europe, 6 to 7 billion hectares of mainly Norway spruce and Scotch
pine (Pinus sylvestris L.) monocultures exist, often planted where they would not
naturally be found (Spiecker et al. 2004). A large part of the European impetus toward a
conversion back to broadleaved species stems from the damage that routinely reduces the
economic value of conifer forests (Löf et al. 2010). Non-native conifer monoculture
instability has also been shown with other conifer species (Foster and Boose 1992,
Harmer and Morgan 2009). In the United States, pine and eastern hemlock stands were
more susceptible to windthrow than hardwood stands (Webb 1989, Foster and Boose
1992).

1.3. Replacement with native hardwood species
1.3.1. Restore species of restoration concern.
Presently, forest restoration is applicable to five billion acres worldwide (Stanturf
et al. 2014). Much restoration work is needed, and understanding how best to convert
from conifer plantations to native species is applicable worldwide. Even better,
previously pine-forested sites could be replaced with native species that are of restoration
concern. In the United States, American chestnut is one example, and chestnut hybrid
seedlings will soon become available. Oaks would be an option as well, to help make up
for regeneration failures. Other examples of native hardwoods of restoration concern that
could potentially be planted to replace conifer plantations are butternut (Juglans cinerea
L.), and further in the future, ash (Fraxinus) species. Thus, conifer conversion represents
an opportunity to facilitate restoration of native hardwood species.
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1.3.1.1. American chestnut and oaks as ideal species for conversion.
American chestnut (Figure 1.5) and northern red oak (Quercus rubra L.; Figures
1.6 & 1.7) are ideal species for conversion of conifer to native hardwood species.
American chestnut was chosen because it is a species of restoration concern and has high
expected success in a converted pine site. Because north-central Indiana is on the
outskirts of the normal range of American chestnut, the purely American-lineage trees are
less likely to become infected by chestnut blight (Jacobs and Severeid 2004). There are
also several physiological reasons why chestnut should be successful in a site previously
forested with pine. Chestnut grows in acidic, somewhat nutrient-deficient soils like many
pine species (Russell 1987; Richardson 1998). Plus, chestnut exhibits opportunistic
growth when canopy gaps appear, and canopy manipulations that play to this attribute
mean that blight-resistant hybrid chestnuts can quickly attain dominance (McEwan et al.
2006).
As oak regeneration failure continues, conversion of conifer plantations may be
one opportunity to increase oak forest cover. Northern red oak seedlings competed better
in pine forest than in oak forest (Crow 1988, Hartman et al. 2005). Northern red oak, like
chestnut and pine, prefers low pH soils, and its litter, like that of pines, is nutrient-poor.
These characteristics may help it compete with other hardwood species in pine
plantations (Johnson et al. 2009). Oaks and pines are co-occurring species in many
forests in the United States, such as the lower drier reaches of the Appalachians and the
Forest-Prairie Transition Region. The relationship between oak and pine has been called
cyclic and successional, as oak advanced regeneration is often successful under pine
canopy (Crow and Isebrands 1986, Hartman et al. 2005). Northern red oak and white
pine are both major components of northern hardwood forest as well (Johnson et al.
2009).
Once oaks and chestnut have been introduced in pine plantations, their natural and
artificial regeneration should be even more successful than if planted in oak forests. Both
oak and chestnut are large-seeded compared to most trees, providing more nutritional
value. Therefore, they are often cached and then forgotten by squirrels and jays, which
helps their nuts reach mineral soil below a deep layer of pine needles. Smaller seeds of
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other species sit on top of the needle layer, so establishment in pine forests is uncommon
for these species (Hartman et al. 2005). While most eastern forest trees have relationships
with arbuscular mycorrhizal (AM) fungi, oak, chestnut, and pine all are symbiotic with
ectomycorrhizal (ECM) fungi (Zhou et al. 1998). In greenhouse studies, mycorrhizae
colonization in seedlings leads to increased growth over seedlings without mycorrhizae
association. Chestnut and oak would thus have an advantage over other species when
establishing in pine forests, with ECM fungi from pines readily available in the soil.
American chestnut and northern red oak have different adaptations for shade
tolerance, growth strategies, and biomass allocation, but they were co-occurring species.
Historically, the oak-chestnut-pine forest type was recognized as comprising half of all
timber land in Pennsylvania (Aughanbaugh 1934). Oak and chestnut also co-occurred in
the Blue Ridge Mountains, and northern red oak replaced American chestnut when it was
destroyed by blight (van de Gevel and Hart 2012). This suggests that the two species
should be successful when planted together during pine conversion. Even though the
conversion from pine to hardwood or mixed forests has a lot of theoretical advantages,
this process has not been well studied and specific silvicultural prescriptions to
accomplish this objective are lacking.

Figure 1.5. American chestnut seedling.

Figure 1.6. Northern red oak seedling.
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Figure 1.7. Quercus rubra distribution.
1.4. Environmental factors that influence tree growth
1.4.1. Light availability.
The ability of a plant to photosynthesize is dependent on light availability.
Different tree species are adapted to different minimum light levels. Shade-tolerant and
intolerant trees have both developed physiological adaptations to light intensity. For
example, a species such as red maple (Acer rubrum L.) is adapted to persist in dense
shade for decades by decreasing its rate of transpiration until it reaches the canopy
(Abrams 1998). On the other hand, northern red oak can tolerate <20% light intensity for
only a few years; it is therefore more often found in forest gaps or edges (Gottschalk
1985, Dey and Parker 1996). Silvicultural treatments are often used to manipulate light
availability. Highest light intensity will be found in open areas such as a clearcut, while
densely shaded forests have less than 5% light availability in the understory. Depending
on species, trees in the understory are often negatively impacted by lack of light, but can
also be damaged by too much light, so an intermediate silvicultural prescription is often
the safest option (Nyland 2002, Pallardy 2008).

1.4.2. Soil.
Soil characteristics, nutrients, and water are strong determinants of plant health.
Chemical characteristics such as composition, density, pH, and cation exchange capacity
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(CEC) are important to a plant’s ability to access nutrients and water. Management can
alter soil properties by compaction or increasing leaching. Different plant species can
also modify soil properties.
Though a nutrient may be present in a soil, it is not necessarily available to plants;
nutrient availability is determined by soil characteristics such as pH and the form in
which an element is found. Some nutrients can also affect the availability of other
nutrients. For example, a high concentration of aluminum (3+) in the soil, as opposed to
the usual Al (2+), inhibits plant uptake of calcium and magnesium. In forests with longterm pine occupancy, Al (3+) soil content is often high because fallen decomposing
needle leachates acidify soil further, increasing Al (3+) availability. The Al competes for
binding sites on root cell membranes, and Ca and Mg’s routes into the cell are blocked
(George et al. 2012). In Indiana, a pH of 5.5 in A soil horizons in pine stands was
measured compared to pH 5.9 in mesic hardwood stands. Pine stands also had higher Al
and reduced nutrient concentrations compared to hardwood stands (Binkley and
Valentine 1991, Duffy 2014).

1.4.2.1. Soil nutrients.
Usually, nitrogen is the most limiting element for plants. It is largely used for
growth processes such as constructing amino and nucleic acids and hormones, and is vital
to photosynthesis chemical components. Because N is linked to growth and
photosynthesis, supplies of N are commonly correlated with leaf N and photosynthesis
(Pallardy 2008). Phosphorus is a component of ATP so it is energetically necessary.
Adding P can increase photosynthesis and N fixation, and speed reproduction and
maturation. Potassium helps plants overcome environmental stresses through cation
exchange and enzyme activation, and K deficiency causes growth retardation and
impaired lignification. Ca and especially Mg deficiency can occur with increasing
external concentrations of aluminum, sodium, or heavy metals (George et al. 2012).

1.4.2.2. Water content.
Soil water content is dependent on precipitation and soil physical characteristics.
Porosity and water holding capacity are important soil physical characteristics determined
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by parent material, site history, and organic matter inputs. Aboveground factors like
light, wind, and temperature influence soil moisture as well. For example, in two
ecosystems receiving the same amount of precipitation, soil water content is usually less
in a forest than an open area because overstory trees in a forest intercept some
precipitation in the canopy and absorb large amounts of underground water. Soil waterholding capacity is also affected by canopy cover and management. For example, litter
layer removal and compaction from heavy machinery can both reduce percolation and
soil water-holding capacity (Wooldridge 1970, Pritchett and Fisher 1987).

1.4.3. Competition.
Even if light, water, and nutrient-rich soil are available to a plant, it will likely
have to compete with other plants for these resources. Competitive effects of other plants
may be stronger or weaker depending on weather and climate, especially when a resource
is limiting. For example, belowground competition for water may be negligible when
soil moisture is plentiful but will become more and more important in times of drought.
Competition for nutrients, too, becomes especially important in spring when plants are
initiating growth processes (Nambiar and Sands 1993). Underplanted seedlings compete
with weeds, overstory pines, and to a lesser extent, each other, for resources. When no
canopy is present, as in a clearcut treatment, underplanted seedlings compete with weeds
for resources. In a partial canopy or shelterwood treatment, they compete with both
weeds and overstory. With a full uncut canopy, seedlings mainly compete with the
overstory because low light availability reduces weed competition (Kolb et al. 1990).
Plant species have evolved to fit into ecological niches. Though a species may
not compete well in one environment, it may be able to outcompete other species in the
environment in which it exhibits optimal performance (Kaelke et al. 2001). For example,
a shade-tolerant species will likely compete well under a dense overstory while a shadeintolerant species will be unable to survive the low light. However, that shade-intolerant
species will thrive in a high light environment and will be adapted to compete with weeds
through aggressive growth.
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1.5. Management practices to increase establishment success.
1.5.1. Silvicultural practices.
Forest management practices such as silvicultural treatments can increase the
success of underplanted chestnut, oak, or other hardwood seedlings in conifer stands.
Silvicultural treatments alter forest canopy in some way, generally by reducing density.
These treatments alter light interception in the understory as well as the forest
microenvironment. Silvicultural treatments may mimic disturbances such as burns and
windthrow, and oak’s dominance can be in part attributed to these disturbances (Johnson
et al. 2009). Shelterwoods and clearcuts are two common silvicultural treatments used in
forest regeneration. These practices have not been tested with the objective of conversion
from conifers to a mixed red oak-chestnut stand.

1.5.1.1. Shelterwoods.
Shelterwoods are a two, occasionally three, stage silvicultural treatment
characterized by initial partial canopy removal and cutting of the remainder of the canopy
5 to 10 years later, depending on characteristics of the advance or artificial regenerating
species. In the period between the two main stages, the target species regenerating cohort
becomes established. At the same time, the intermediate light level reduces weed and
woody competition and provides safety from environmental extremes (Nyland 2002).
Once the new cohort reaches a certain age or size, they are released from the overstory in
a final cutting.
Oaks are routinely grown in shelterwoods. American chestnuts have also been
tested successfully in shelterwoods and partial canopy removal in recent years
(McCament and McCarthy 2005, Joesting et al. 2007, Rhoades et al. 2009, Clark et al.
2012, Belair et al. 2014). Oaks range from intermediate to low shade tolerance, and
chestnuts are believed to have intermediate to high shade tolerance (McCament and
McCarthy 2005, Joesting et al. 2007, Jacobs 2007, Wang et al. 2013). Therefore,
planting in partial shade may supply enough light (20-50%) for near optimal growth. For
example, Johnson et al. recommends a medium-density shelterwood for oaks, with 5565% residual stocking left until the final canopy removal (1986).
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1.5.1.2. Clearcutting.
Clearcutting is a silvicultural treatment that removes a forest’s entire overstory in
one operation. Clearcutting drastically alters the microenvironment mainly by increasing
the temperature of ground-level air and the soil itself, decreasing surface humidity, and
increasing moisture in the upper soil layers. More precipitation reaches and percolates
into the soil surface. At the same time, nutrient release is spurred by increased organic
decomposition in the now warmer and wetter microenvironment (Nyland 2002). In the
Great Lakes region, soil surface temperatures were much greater in clearcut than partially
shaded (USFS 1935). Clearcutting is advantageous for ease of site preparation and
related treatments like planting. It also creates higher timber profits than partial cutting
methods. When understory competition is not a problem, clearcutting is a good
regeneration strategy. However, in many sites the post-clearcutting high light intensity
allows interfering vegetation such as herbs, shrubs, and undesirable fast-growing tree
species to seriously hinder target species regeneration and growth in clearcut areas. In the
southeast United States, 40-70% of sites reported having problems with vegetation
control (Nyland 2002). Where vegetation is vigorous, vegetation control is critical to the
success of desired species regeneration. Underplanted oaks usually do not grow quickly
enough to perform well in a clearcut area unless the site is poor quality, advance
regeneration is well-established, or competition is controlled (Johnson et al. 2009).
Faster-growing chestnuts could potentially perform better. However, underplanted
chestnut seedlings could still be overtopped by competitive vegetation due to transplant
stress associated with use of bareroot nursery stock (Jacobs et al. 2005).

1.5.2. Vegetation competition control
In many areas of eastern North America, vegetation management, whether by
herbicide or manually, is often critical to the success of desired species after a cutting
treatment. Even lower levels of woody and herbaceous cover can have huge effects on
seedling growth. Woody and herbaceous vegetation can compete for soil moisture and
soil resources (Sloan et al. 2016) and reduce light infiltration to small trees. In the
northeast and Great Lakes areas, favorable tree species composition was increased by
application of herbicide to the understory layer where interfering vegetation was a
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problem (Sage 1987). However, herbicide is not cheap, is banned in some locations, and
may raise environmental concerns (Wyatt et al. 2011, Thiffault et al. 2012). An
alternative is manual control, but this is expensive and time-consuming. In one study,
pure American chestnut and chestnut hybrids grew significantly larger in treatments
where interfering vegetation was removed. Root collar diameter of red oak responded
positively to weeding, but height did not (Belair et al. 2014).

1.5.3. Fertilization
Upon outplanting, bareroot tree seedlings must survive a period of transplant
shock in which moisture and/or nutrients are limiting (Haase and Rose 1993, Jacobs et al.
2005). Nutrient stress during transplant shock can be reduced using fertilization.
Macronutrients nitrogen, phosphorus, and/or potassium are those most likely to limit
plant production and be deficient in natural areas, so that is what fertilizers usually
provide. Nitrogen fertilization generally increases leaf N concentration and leaf mass
(Pallardy 2008). Phosphorus is a component of ATP and is related to energy transfer.
Fertilization with P can increase photosynthesis and N fixation, and speed up
reproduction and maturation. Potassium plays an important role in overcoming
environmental stresses through osmotic adjustment, and K fertilization can help a plant
overcome growth retardation and impaired lignification (Hawkesford et al. 2012).
However, studies using traditional immediately available fertilizer have shown mixed or
nonexistent effects on outplanted seedling growth (Williams 1974, Braun and Byrnes
1982). Plus, immediately available fertilizer can increase growth of competing
vegetation and have high rates of nutrient losses from leaching (Sloan et al. 2016).
Runoff from immediately available fertilization contaminates freshwater and can lead to
eutrophication and algal blooms (Carpenter et al. 1998).
Controlled release fertilizer (CRF) shows more favorable results than traditional
broadcast of immediately available fertilizers. The CRF prills are designed to release
nutrients upon water penetration through micropores or incomplete sulfur coverage
(depending on the product) over a period of months to a year. CRF decreases incidence
of salt toxicity to roots, reduces nutrient leaching, and provides trees nutrients
consistently over a longer period (Jacobs and Timmer 2005, Jacobs et al. 2005). Few
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studies have examined the effect of CRF on hardwood seedling plantings. However,
those that have usually show CRF application positively affects seedling growth (Jacobs
et al. 2005, Earnshaw et al. 2016).

1.6. Objectives
The overall objective of this study is to examine responses associated with
conversion from exotic pine plantation to hardwood forest. I sought to determine what
type of management should be used, assess variation in performance among hardwood
species, and evaluate the effectiveness of postplanting techniques in promoting
restoration. Because knowledge of American chestnut growth and physiological
responses to environmental variables are not well understood, this study will also serve to
provide recommendations for silvicultural systems for restoration of American chestnut
to its natural environment. Results will help in developing protocols to best accomplish
this conversion. Specifically, the overall objectives will be accomplished by: 1)
determining the effect of silvicultural (light intensity) treatment on underplanted seedling
growth in areas forested with conifers for at least 40 years, 2) understanding the effect of
fertilizer and herbaceous control treatments and their interactions with silvicultural
treatments on underplanted seedling growth, and 3) analyzing how soil properties change
under conifers, and the relative influence of these changes on hardwood seedling
development.

1.6.1. Experiment 1 specific objectives and hypotheses.
For experiment 1, the specific objectives were to (1) determine effects of light
intensity and herbaceous control treatments, and their interaction, on underplanted
seedling growth in sites forested with conifers for 40 or more years, (2) compare growth
responses of two underplanted hardwood species seedlings, and (3) understand how
environmental and physiological inputs contribute to overall seedling growth.
We hypothesized (1) American chestnut seedlings will have a faster rate of
growth (height and RCD) than northern red oak seedlings. We further hypothesized (2)
seedlings of both species will have the fastest rate of growth (height and RCD) and
survival in the shelterwood treatment, an intermediate rate of growth and survival in the
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clearcut treatment, and lowest rate of growth and survival in the uncut control treatment.
Accordingly, seedlings in the shelterwood treatment were expected to have the highest
rates of photosynthesis, and this could be explained by microenvironment and soil
characteristics. Finally, we expected (3) that herbaceous control (as opposed to no
herbaceous control) would have a positive effect on seedling growth (height and RCD),
and this could be explained by microenvironment and soil characteristics. We also
expected to see an interaction between silvicultural and herbaceous control treatments.

1.6.2. Experiment 2 specific objectives and hypotheses.
For experiment 2, the specific objectives were to (1) analyze interaction of
fertilizer treatments with light intensity treatments on underplanted seedling growth, and
to (2) understand soil chemical differences in conifer-influenced and non-coniferinfluenced sites and the corresponding effects on growth of underplanted seedlings.
We again hypothesized (1) American chestnut seedlings will have a faster rate of
growth (height and RCD) than northern red oak seedlings. Similar to experiment 1, we
also hypothesized (2) seedlings of both species will have the fastest rate of growth (height
and RCD) and survival in the shelterwood treatment, an intermediate rate of growth and
survival in the clearcut treatment, and lowest rate of growth and survival in the uncut
control and open field treatments. Accordingly, seedlings in the shelterwood treatment
were expected to have the greatest leaf nutrient content, and this could be explained by
microenvironment and soil characteristics. Third, we expected (3) that a high rate of
fertilization with CRF would have the most positive effect on seedling growth (height
and RCD) compared to 30g and no fertilization, and this could be explained by
microenvironment and soil characteristics. We also expected to see an interaction
between silvicultural and fertilization treatments. Finally, we hypothesized (4) previously
hardwood-influenced soils will be more nutrient rich than soils of land previously
forested with pine; they will have higher pH, lower Al (3+), and higher K, Ca, and Mg.
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CHAPTER 2. HARDWOOD RESTORATION THROUGH
CONVERSION OF NON-NATIVE CONIFER PLANTATIONS:
INFLUENCE OF CANOPY COVER AND UNDERSTORY
COMPETITION ON UNDERPLANTED SEEDLINGS

2.1. Abstract
Many introduced conifer plantations in the US Midwest have reached maturity
and/or are in decline, and converting these sites to native hardwood species represents a
viable restoration opportunity. We sought to determine the effects of light intensity,
herbaceous control, and their interactions on seedling growth and development of two
underplanted hardwood species in conifer stands. We manipulated eastern white pine
(Pinus strobus L.) plantation canopies by using clearcut and shelterwood treatments, and
included a fully intact canopy as control. We underplanted hybrid and pure American
chestnut (Castanea dentata (Marsh.) Borkh) and northern red oak (Quercus rubra L.)
seedlings into the 3 canopy treatments. Two levels of herbaceous and woody competition
control (weeding vs. not) were applied during the second and third growing seasons.
Photosynthetically active radiation beneath the canopy treatments and soil chemical
parameters were analyzed annually throughout the course of the study. Soil results
indicated an acidic pH and low levels of some nutrients. After three growing seasons,
chestnut performed best in the shelterwood and oak in the clearcut treatment. This
reflects variation in the shade tolerances of the two species; chestnut exhibits
intermediate to high shade tolerance while northern red oak is less shade tolerant.
Chestnut height and root collar diameter were double that of oak, and chestnut leaf N
content increased with light availability while oak did not. Different growth strategies of
the two species likely caused this disparity. These results can be explained in large part
by different growth strategies in biomass allocation between the two species. Both
species had highest photosynthesis in the clearcut. Chestnut seedlings had significantly
higher root collar diameter in weeded clearcut and shelterwood plots, and oak had
significantly higher root collar diameter in weeded clearcut plots. Weeding in the uncut
control plots was ineffective because shade limited the degree of weed competition.
Based on these results, we concluded that pine plantations provide suitable habitat for
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northern red oak and American chestnut restoration. Shelterwoods and clearcuts are each
viable silvicultural conversion options for oak and chestnut provided weed competition is
controlled for at least one growing season.

2.2. Introduction
In eastern North America, forest tree species have been heavily impacted by
changes in land management and disturbance over the past century from introduced pests
and pathogens, fire suppression, and increased ungulate population (e.g. Lorimer 1984,
Crow 1988). American chestnut (Castanea dentata) and oak (Quercus spp.) were once
dominant forest components in this region, and both were considered foundation species.
However, chestnut has been decimated by chestnut blight fungus and few oaks are
regenerating due to changes in disturbance regime.
Large plantations of pines (Pinus spp.) were planted outside of their native range
in the US Midwest from the 1940s through 1960s with the intention of reforesting
abandoned agricultural land (Parker and Ruffner 2004). In most cases, pines were planted
because they were the only nursery stock available. Pines were grown in nurseries
because they were easily established and exhibited rapid growth. Presently, about 600
km2 in Illinois, Indiana, and Ohio is forested with these non-native pines. It is
recommended that these plantations be converted at the end of this rotation because the
pines are not native, not profitable, reduce biodiversity and ecosystem function, have
negative effects on soil, and are susceptible to damage (Engel and Ammer 2001, Spiecker
et al. 2004, Spelter et al. 2007, Duffy 2014).
Pine-forested plantation sites could be replaced with threatened or nonregenerating species native to this area. American chestnut is one example, and chestnut
hybrid seedlings will soon become available for restoration (Jacobs et al. 2013). Oaks
would be an option as well, to help overcome poor natural regeneration (Lorimer 1984,
Abrams 1992). Other examples of native hardwoods that could potentially be planted to
replace conifer plantations are ash species, if their restoration becomes possible in the
future. Chestnuts and oaks would be more successful on these pine sites than many other
hardwood species (Johnson et al. 2009). Oak, pine, and chestnut often co-occurred, have
similar soil nutrient, moisture, and mycorrhizae preferences (Hartman et al. 2005), and
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chestnut and oak seeds would likely have greater success here than other ecosystems.
This suggests that restoration of chestnut and oak may be successful during pine
conversion. Even though the conversion from pine to hardwood or mixed forests has a lot
of advantages, the best way to do this is not well studied.
Light availability, soil nutrients, and water availability are three of the most
important factors contributing to plant growth, and plants compete for these resources.
They can be manipulated with management practices to increase establishment success.
Before underplanting seedlings, silvicultural treatments are often necessary. These
treatments increase light availability in the understory and alter the forest
microenvironment. Silvicultural treatments mimic events such as fire and windthrow (and
can incorporate prescribed fire), and oak dominance is strongly associated with these
disturbances when repeated (Johnson et al. 2009). Shelterwoods and clearcuts are two
common silvicultural treatments used in forest regeneration. Oak natural and artificial
regeneration is routinely grown in shelterwoods. American chestnut artificial
regeneration has also been tested successfully in shelterwoods and partial canopy
removal in recent years (McCament and McCarthy 2005, Joesting et al. 2007, Rhoades et
al. 2009, Clark et al. 2012, Belair et al. 2014). Oaks range from low to intermediate
shade tolerance, and chestnuts are believed to have intermediate shade tolerance as well
(McCament and McCarthy 2005, Joesting et al. 2007). Therefore, planting in partial
shade provides them enough light (20-50%) to establish and persist. Clearcutting removes
the entire canopy, drastically altering microenvironment and keeping light at a maximum.
Clearcutting is advantageous for ease of site preparation and related treatments like
planting. These silvicultural practices have not been tested with the objective of
conversion from conifers to a mixed red oak-chestnut stand.
In many areas of eastern North America, vegetation management, whether by
herbicide or manually, is critical to the success of desired regeneration after a silvicultural
treatment. Even lower levels of herbaceous cover can have huge effects on seedling
growth. Herbaceous vegetation can compete for soil moisture and nutrients (Kolb et al.
1990, Nambiar and Sands 1993) and reduce light infiltration to small trees. In the
northeast and Great Lakes areas, favorable tree species composition was increased by
application of herbicide to the understory layer where interfering vegetation was a
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problem (Sage 1987). Herbicides offer effective vegetation control, but are banned in
some locations and may raise environmental concerns (Wyatt et al. 2011, Thiffault et al.
2012). The main alternative to herbicide, manual control, is labor-intensive and
expensive. Manual control can be effectively used to control competition when labor is
cheap or in places herbicide is banned, and that is the method we used in this study.
The objectives for this experiment were to (1) determine effect of silvicultural and
weed control treatments, and their interaction, on underplanted seedling growth in sites
forested with conifers for 40 years or more, (2) compare seedling growth responses of
two underplanted hardwood species, and (3) understand how environmental and
physiological measurements contribute to overall seedling growth. We hypothesized that
(1) American chestnut seedlings will have a faster rate of growth (height and RCD) than
northern red oak seedlings regardless of silvicultural treatment. We further hypothesized
that (2) seedlings of both species will have the fastest rate of growth (height and RCD)
and survival in the shelterwood treatment and lowest rate in the uncut control treatment.
Accordingly, shelterwood treatment seedlings were expected to have the highest
photosynthesis, and this could be explained by PAR and soil moisture. Finally, we
expected that (3) that competition control (as opposed to no control) would have a
positive effect on seedling growth (height and RCD), and this could be explained by PAR
and soil moisture. We also expected to detect an interaction between silvicultural and
competition control treatments for growth in which shadier silvicultural treatments have
reduced levels of competition.

2.3. Methods
2.3.1. Site description
The experiment was conducted at Purdue University properties near West
Lafayette, Indiana, in the Central Hardwood Forest region. Two sites were selected
(Figure 2.1): Cunningham forest (40°14’59.5”N 86°49’51.2”W) and Martell forest
(40°26’13.2”N 87°02’13.2”W). Both sites contained stands of eastern white pine (Pinus
strobus L.). Examination of tree rings showed that the pine stands are about 40 years old.
Soils at Martell forest are well-drained Richardville silt loam, and soils at Cunningham
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forest are a mixture of well-drained Richardville and Rockfield silt loams (NRCS United
States Soil Survey 2014). All soils were glacial till and loess derived. Both sites receive
an average precipitation of 937 mm year-1. 2014 and 2015 received slightly higher than
normal precipitation (1026 and 970 mm, respectively), while 2016 precipitation was 912
mm (Table 2.1). Average annual temperature is 10.4°C, warmest in July at mean 23°C
and coolest in January at mean -4°C (Table 2.1; NCDC, 2012).

d)

Clear cut

Clear cut

uw

w

Shelterwood Shelterwood

w

uw

Figure 2.1. Location of both study sites for both experiments (a): Martell and
Cunningham forest; and detailed image of blocks at each study site, two blocks at
Martell (b) and one at Cunningham forest (c). For (d), subdividion of each block
into plots. In uncut control plots, pine overstory was left intact, in clearcut all pines
were harvested, and in shelterwood half the pine overstory trees were harvested with
a plan to harvest the remaining trees 5-10 years later. Treatments in subplots:
weeded=W, and unweeded=UW. Each subplot was considered a treatment.
Table 2.1. Mean monthly temperature and precipitation for 2014-2016 for West
Lafayette, Indiana. NCDC, 2017.

I Prec (mm)
2014
2015
2016

I Temp. I
2014
2015
2016

Jan.
39
33
27

Feb.
62
11
42

Mar.
38
20
109

Apr.
107
59
80

May
96
105
50

June
114
195
141

July
102
170
115

Aug.
102
19
132

Sept.
122
73
74

Oct.
146
45
29

Nov.
54
70
75

Dec.
46
171
40

Jan.
-7.1
-4.9
-2.8

Feb.
-7.4
-8.0
-0.1

Mar.
0.6
2.3
8.0

Apr.
10.5
10.8
10.3

May
16.7
17.7
15.7

June
22.3
21.2
22.3

July
20.2
22.0
23.1

Aug.
22.1
21.3
24.2

Sept.
17.0
20.3
20.6

Oct.
11.2
12.7
14.6

Nov.
1.5
7.3
7.6

Dec.
0.2
5.1
-2.3
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2.3.2. Silvicultural treatment experimental design
Homogeneous areas of at least 13 x 19 m were selected at each site to create two
replicate blocks at Martell (Figure 2.1b), and one at Cunningham (Figure 2.1c). The total
basal areas of the plantation used for the experiment were 52, 92 and 102 m2 ha-1, for the
Martell 1 and 2 and Cunningham blocks, respectively. Silvicultural cutting treatments
were installed by modifying the basal area of the original pine overstory. Each block was
divided into three plots in a split-plot design with north-south orientation and first-stage
shelterwood, clearcut, and uncut control were allocated to plots at each replicate block.
This north-south orientation provided minimum shading effects among plots. For the
first-stage shelterwood plot, reduction of the overstory was done by removing half of the
basal area of the overstory pines by cutting every other tree in already-existing rows,
alternating every other tree in each row. Resulting basal areas after this first stage was
implemented were 58.4, 48.4, and 59.6 m2 ha-1for the Martell 1 and 2 and Cunningham
blocks, respectively. The elimination of the remainder of pines for the second stage of the
shelterwood should take place at least five years after outplanting. Shelterwood
treatments reduce overstory shading while mediating microenvironment, protecting
seedlings from drought and reducing transpiration (Paquette et al. 2006). In the clearcut
plot, all the overstory pines were removed, allowing for maximum light availability to the
understory seedlings. This simulated a conventional land clearing for the beginning of a
new plantation. Finally, we removed none of the pines in the uncut control plot.
Silvicultural treatments were installed between February and May 2014. The selected
pines for each plot were felled by chainsaw and extracted with a tractor-mounted winch.
In addition, we removed all midstory trees from all plots after the pine harvest to reduce
possible confounding from different levels of midstory influence.

2.3.3. Competition control treatment experimental design
This experiment (Figure 2.2) was arranged as a split-plot design with three factors
in full combination: species (two levels), silvicultural pretreatment of the stand (three
levels), and post-planting competition control (two levels).
We obtained 225 northern red oak (Quercus rubra) and 207 American chestnut
(Castanea dentata) bareroot (1+0) seedlings from the Indiana Department of Natural
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Resources State Tree Nursery in Vallonia, southern IN. For American chestnut some of
the seedlings planted were pure American chestnut while others were BC3F2 hybrids from
the American Chestnut Foundation backcross breeding program. The hybrids should have
a high level of tolerance to chestnut blight due to genetic material from Chinese chestnut
(Castanea mollissima) but still carry and express mostly American chestnut genes.
Previous studies have indicated BC3F2 hybrids have equivalent ecological function to
pure American chestnut (Diskin et al. 2006, Worthen et al. 2010, Knapp et al. 2014).
Therefore, differences between the hybrid and pure American chestnut should not affect
results of the experiment.
We selected approximately a third of the area in the middle of each plot, about
25x20m, for planting at the beginning of 2014. This location left a 5m buffer from the
edge of the plot. Each plot was underplanted in June 2014 with 25 northern red oaks
(Quercus rubra) and 22 American chestnuts (Castanea dentata). Planting was done
manually following a square regular design with 2×2 m spacing, and randomly choosing
between species.
Planted seedlings were subjected to different competition control treatments.
During the first year after planting (2014), we weeded all plots monthly. However, in the
following 2015 and 2016 growing seasons, plots were divided into two subplots. We
randomly assigned each subplot within a silvicultural treatment to a weeded or unweeded
condition. Division of the plots was done so that there were approximately equal numbers
of surviving chestnuts and oaks in each subplot. One row of seedlings within the dividing
line was kept as a buffer zone, and the seedlings within this row were not included in
analyses. We removed herbaceous vegetation and stump sprouts in the weeded subplots
down to 0-20 cm height with brush saws, loppers, and hand-pulling monthly during the
growing season. For each treatment, we recorded PAR, measured structural and
physiological traits of the seedlings, and analyzed different soil characteristics detailed in
the subsequent sections.
Around every planted area, we installed fencing (2 m high) at least 50 cm away
from seedlings to exclude white-tailed deer (Odocoileus virginiana Zimmerman)
herbivory.
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2.3.4. Environment measurements
Photosynthetically active radiation (PAR, µmol photons m-2s-1) was measured
between late July and early August in 47 points per plot in 2014. We always measured
PAR between 11:00 and 14:00h at a height of about 80 cm, or the height of an average
seedling at time of planting. PAR was measured with a light ceptometer (AccuPAR
model LP-80, Decagon Devices, Pullman, WA). As differences among treatments were
obvious, in the following years we just measured PAR for one third of the points.
Soils were sampled August 2014, October 2015, and both August and October
2016 to observe possible seasonal soil nutrient differences for total exchange capacity,
pH, and fertility characterization. In 2014, we took 15 samples per plot as five transects
of three samples. In 2015 and 2016, we took nine samples per plot for three transects of
three samples. Cores were taken in an evenly spaced grid pattern within the plot, spaced
about 5 m apart in 2014 and 8 m apart in 2015 and 2016. Mineral soil was collected to a
depth of 20 cm with a 2.54 cm diameter tubular soil sampling probe (Oakfield Apparatus
Co., Oakfield, WI). We removed the litter layer from soil samples. Samples were
transported to a laboratory. Soil moisture for each sample was determined by loss of mass
between fresh and dry weight after drying in a drying oven set at 68°C for 48 h.
We sifted dried soil cores through a 2-mm sieve. Twenty grams from the samples
from each transect were combined into a plastic bag, for five composite samples per plot
in 2014, and three composites per plot in 2015 and 2016. We sent the resulting composite
samples to Brookside Laboratories, Inc. (New Bremen, OH) for analysis. Total exchange
capacity (TEC), a soil fertility parameter which measures both anion and cation exchange
capacity, and the cation saturations, were measured according to Ross (1995), and pH by
the methods of McLean (1982). Nitrogen was measured in a couple ways, first as
estimated nitrogen release (ENR), an approximation of N released annually through
organic matter decomposition. Organic matter and total nitrogen (N) were quantified
using the loss on ignition methods of Schulte and Hopkins (1996). Available nitrate
(NO3-) and ammonium (NH4+) were measured using extraction with potassium chloride
(Dahnke 1990). Remaining nutrients phosphorus (P), potassium (K), sulfur, calcium (Ca),
magnesium (Mg), sodium (Na), boron (B), iron (Fe), manganese (Mn), copper (Cu), zinc
(Zn), and aluminum (Al) were measured as Mehlich III extractables (Mehlich 1984).
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We quantified and characterized competing vegetation in 2015 and 2016 after
competition control treatments in mid-summer. To estimate relative amounts of ground
cover types, one quadrat of 2×2 m was used per subplot. Sample points were randomly
chosen. Ground cover types and amount of cover were quantified visually as an
estimation at ground level and classified as bare ground, litter/woody debris, woody,
grass, forb, vine, sedge, and fern. Height of the tallest non-chestnut, oak, or pine was
also recorded for each space to characterize the weeding treatments and effect of
silvicultural treatment on competition.

2.3.5. Plant performance measurements
Survival, height, and root collar diameter (RCD) were measured a month after
planting, after flushing and at the end of the growing seasons. Height was measured from
root collar to terminal bud and recorded to the nearest 0.5cm, and RCD was measured to
the nearest 0.5mm. Seedlings that died back but later continued growing were considered
to be alive, and height and RCD of the new shoots were measured. Height-diameter ratio
(Ht:Di) was calculated as the ratio of height to RCD. Incidences of herbivory and stem
gnawing were noted.
Gas exchange (net photosynthesis rate (CO2 assimilation), stomatal conductance,
transpiration) was measured in mid to late summer in 2015 and 2016, sampling the same
seedlings within years. Three seedlings of each species in each of the subplots were
randomly chosen. For each seedling, the youngest fully formed healthy leaf was used.
Measurements took place on two days between 10:00 and 12:30 h, with a portable
infrared gas exchange analyzer (IRGA; LI-XT 6400, LI-COR Inc., Lincoln, NE, USA)
and the two days’ measurements were averaged. Carbon dioxide at 400 µmol and flow at
500 µmol s-1 were held constant in the IRGA. Light levels and temperature in the LI-XT
LED light source and inside the chamber were set at the average PAR and temperature
for each silvicultural treatment as determined by PAR and data logger measurements
(Table 2.2).
Seedlings were subjected to one combination of PAR and temperature
corresponding to the values measured for the three silvicultural treatments in 2015, the
combination measured in the treatment they were planted. Seedlings were measured on
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two dates in 2015 and one date in 2016. PAR and temperature were set at the average
late summer conditions minus outliers measured in the blocks (Table 2.2), so all clearcut
areas were sampled at high PAR and temperature (1739 µmol m-2 s-1 and 26.6°C),
shelterwood at intermediate PAR and temperature (824 µmol m-2 s-1 and 25.9°C), and
uncut control at low PAR and temperature (456 µmol m-2 s-1 and 24.9°C). Additional
measurements were made to create light curves in 2016, and each seedling was subjected
to all three combinations of PAR and temperature corresponding to the values measured
for the three silvicultural treatments (Table 2.2). Negative conductance and transpiration
values were removed from analysis. WUE was calculated as the ratio between rate of
photosynthesis (A) and rate of transpiration (E).

Table 2.2. PAR and temperature values used for gas exchange measurements (mean ± 1
standard error). PAR is based on results from light ceptometer measurements and
temperature is based on daytime summer results from data loggers. Values represent all
three sites and blocks.
Clearcut
Shelterwood
Control

I

I

PAR (µmol m-2 s-1)

1739.8 (±62.8)

824.1 (±93.61)

456.0 (±66.6)

Temperature (°C)

26.6 (±0.2)

25.9 (±0.1)

24.9 (+0.1)

Pre-dawn plant moisture stress (PMS) was measured on the same seedlings
sampled for photosynthesis, with a pressure bomb (PMS company instrument, Corvallis,
Oregon). All measurements were taken between 00:00 and 05:00 in late summer on
nights where it had been at least three days since any precipitation in 2015 and 2016. On
two separate nights each year for each seedling, a healthy recently mature leaf was
selected from the upper part of each seedling. Data from the two leaves/days of each
seedling were averaged within year. Used leaves were collected and dried in an oven at
65 °C for 72 h, weighed, and ground into a powder with a constructed ball mill, a
vortexer-centrifuge combination, for nitrogen (N) and carbon I concentration. Nitrogen
and C concentration were measured on an elemental analyzer (Costech ECS 4010,
Costech Analytical Technologies, Inc., Valencia, CA). Acetanilide standards were used
for calibration and quality control checks were run every 10 samples. Leaf nitrogen
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content, N percent concentration in a leaf multiplied by the leaf’s weight, was calculated
in 2015 and 2016.

2.3.6. Statistical analysis
Independent variables included species, silvicultural treatment, and weeding
treatments, though species were analyzed separately. Dependent variables were survival,
height, RCD, measures of gas exchange, PMS, foliar nitrogen, soil chemical
characteristics and nutrients, vegetation height, and PAR. Each silvicultural treatment in
each replicate block was designated as an experimental unit, and individual seedlings
contained therein comprised sampling units. A linear mixed effects model was used,
where site was set as a random effect and fixed effects were silvicultural treatment and
weeding treatment. Measures of gas exchange were analyzed with PAR-temperature
combination as a main effect for the 2016 growing season when seedlings were each
subjected to three combinations.
Tests for normality and homoscedasticity of residuals were conducted, and when
results were not normal, log and square root transformations were employed. ANOVA
(p<0.05) was used to detect significant differences among treatments and when these
occurred, Tukey’s HSD test was used to test for pairwise comparisons (α=0.05).
Interactions were also tested for significance. Seedlings that exhibited dieback due to
vole herbivory, brush cutter damage, or other reasons were removed from statistical
analysis. All tests were done in R 3.1.2 (R Core Team 2014).

2.4. Results
2.4.1. Environment characterization.

2.4.1.1. PAR (photosynthetically active radiation).
In 2014 and 2015, PAR was greatest in the clearcut, intermediate in the shelterwood, and
least in the uncut control. Significantly different PAR corresponded to silvicultural
treatment, with 100% full sun in the clearcut, 59.3% in shelterwood, and 18.5% in uncut
control treatment (p<0.001, Figure 2.3a). Neither weed competition control nor the
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interaction of silvicultural and competition control treatments resulted in a significant
difference in PAR.

a)

b)
a

20

a

1500

b

N

"'
E

l

b

~
0
Q)

■ 201 4
■ 201s

2
■ 2014 .,,
-~ 10

1000

2015

e

2016

·s
Cl)

Cl.
Cl.

500

0

5

Clear cut

Shelte<WOOd

Silv. treatment

ConlfOI

0

Clear cul

Sheherwood

Control

Silv. treatment

Figure 2.2. a) PAR (photosynthetically active radiation) ± standard error in 2014 and
2015 growing seasons; each year was analyzed separately. Different letters indicate
significant differences among treatments per Tukey’s HSD (α=0.05). b) Percent soil
moisture ± standard error, mean of 2014-2016 growing seasons; each year was
analyzed separately. Different letters indicate significant differences among
treatments according to Tukey’s HSD (α=0.05).
2.4.1.2. Soils
Average soil moisture percentage varied year to year, starting at 14.9% in 2014,
declining to 12.9% in 2015, and increasing to 16.5% in 2016. However, relationships
between the silvicultural and weeding treatments were the same each year. In 2014-2016,
silvicultural treatments were significantly different (p<0.001): clearcut treatments had
greater soil moisture than shelterwood and uncut control. In 2015, soil moisture was
greater in shelterwood than uncut control treatment as well (Figure 2.3b). Soil in weeded
treatments had slightly higher moisture than soil in unweeded treatments, but they did not
differ statistically. In 2015, there was a significant silvicultural-weeding treatment
interaction (p=0.019).
Mean pH ranged from 4.3-4.5 across sites. There were no significant differences
in pH between the silvicultural treatments. Organic matter ranged from 2-3% and was
significantly higher in the clearcut than the other treatments in 2015 and 2016 (p<0.001,
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Table 2.3). Total exchange capacity (TEC) was between 6-11 meq/100g; loams generally
contain contain 15-30 meq/100g. TEC was significant each year (p<0.02), and clearcut
soil TEC was higher than the other treatments (Table 2.3).
In 2015 and 2016, estimated nitrogen release (ENR) differed significantly across
treatments (p<0.001) and clearcut areas had significantly higher ENR than the other
treatments (Table 2.3). Nitrogen was also measured in its two main forms used by plants,
nitrate (NO3-) and ammonium (NH4+). NO3- ranged from 1-20 ppm, and NH4+ between
1-7 ppm (Table 2.3). The NO3- relationship between silvicultural treatments was
different every year and there was no significant difference in NH4+. NH4+:NO3- ratio
decreased each year.
Phosphorus ranged from 28-50 ppm. There was a significant effect of silvicultural
treatment in 2016 (p=0.047; Table 2.3). The K range for the soils in this study was 60-90
ppm. K was significant in 2014 (p<0.001) and was higher in the clearcut than the other
treatments (Table 2.3). The observed range of Ca was 300-500 ppm, and 15-45%
saturation (Appendices A1 & A5). The observed range for Mg was 50-100 ppm and 420% saturation (Appendices A1 & A5). Silvicultural treatment was significant (p<0.01)
for both Ca and Mg in 2014 and 2016, and the clearcut treatment values were
significantly higher than the other treatments (Appendix A1). Copper, manganese, zinc,
sodium, and sulfur results can be found in Appendix A1.
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Table 2.3. Soil characteristics (mean ± standard error), including pH, organic matter, and
total exchange capacity (sum of cation and anion exchange capacity). Nitrogen (N) was
measured as NH4+ (ammonium), NO3- (nitrate), and estimated N release. Ratio of
ammonium to nitrate was also calculated. Different letters indicate significant differences
among treatments per Tukey’s HSD (α=0.05). P=phosphorus, K=potassium.

IChemical char.

Year

Clearcut

Shelterwood

Uncut Control

pH

2014

4.43 (±.13)

4.41 (±.15)

4.25 (±.04)

2015

4.42 (±.11)

4.43 (±.06)

4.57 (±.04)

2016

4.27 (±.04)

4.23 (±.03)

4.33 (±.04)

2014

3.16 (±.31)

2.82 (±.25)

2.58 (±.20)

2015

3.06 (±.43) a

2.00 (±.14) b

2.04 (±.16) b

2016

2.93 (±.14) a

2.27 (±.08) b

2.31 (±.11) ab

Total exchg. Capac.

2014

10.31 (±1.26)

6.78 (±.51)

8.39 (±.68)

(meq/100 g)

2015

10.19 (±.61) a

7.66 (±.49) b

8.82 (±.86) ab

2016

9.35 (±.54) a

6.55 (±.34) b

7.65 (±.51) ab

2014

4.79 (±.57)

4.03 (±.76)

7.28 (±2.28)

2015

3.49 (±.77)

3.41 (±1.08)

3.21 (±.57)

2016

1.28 (±.18) b

1.98 (±.3) ab

2.97 (±1.38) a

2014

1.87 (±.35) b

3.46 (±.40) a

2.59 (±.52) ab

2015

18.5 (±3.33) a

8.2 (±1.79) b

8.53 (±2.14) b

2016

11.8 (±1.18)

9.57 (±1.35)

10.02 (±1.44)

2014

2.56

1.16

2.81

2015

0.19

0.42

0.376

2016

0.11

0.21

0.296

Est. N release

2014

86.83 (±4.11)

82.42 (±3.71)

78.54 (±3.88)

(kg/ha)

2015

85.31 (±5.45) a

67.13 (±3.16) b

68.13 (±3.61) b

2016

85.68 (±2.26) a

73.23 (±1.76) b

74.22 (±2.36) b

2014

42.87 (±4.54)

42.27 (±2.9)

48.73 (±4.28)

2015

29.22 (±3.57)

32.78 (±3.34)

35.22 (±4.1)

2016

30 (±2.63)

28.22 (±2.11)

34.56 (±3.24)

2014

85.07 (±7.85) a

63.00 (±3.56) b

63.87 (±2.32) b

2015

72.22 (±5.99)

70.56 (±9.07)

79.00 (±8.06)

2016

70.22 (±5.58)

61 (±5.39)

70.67 (±4.86)

Organic matter (%)

NH4+ (ppm)

NO3- (ppm)

d

NH4+:NO3-

P (ppm)

K (ppm)

I
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2.4.1.3. Height and cover of competing vegetation.
Mean maximum vegetation height was 143.0 (±4.0) cm in unweeded areas in
2015 and 208.2 (±4.7) cm in 2016. Mean maximum vegetation height in weeded areas
was 59.1 (±1.9) cm in 2015 and 79.7 (±3.8) cm in 2016. Both silvicultural and
42entate42ion control treatment and their interaction were significant for both years
(p<0.001). To rule out outliers, height of the fifth tallest plant in the plot was also
measured (131.2±2.6 cm mean unweeded, 28.2±0.6 cm mean weeded), in 2016. Both
main effects and their interaction were significant (p<0.001; Appendix A2).
Ground cover was assessed by plant functional group and included woody plants,
vines, forbs, grasses, ferns, and sedges (Appendix A7). Highest ground coverage was in
clearcut and unweeded areas. In both years, there was 10-20% grass in the clearcut
treatment, 3-5% in the shelterwood, and <1% in the uncut control, so grass cover
apparently decreased with light intensity. Conversely, ferns decreased with increasing
light intensity, though overall they had less coverage than grass (1-5%). Unweeded areas
had more vines and woody plants while weeded areas had more grass. By 2016, woody
plants and vines had increased at the expense of forbs; woody plants such as Rubus spp.
And vines like poison ivy and Virginia creeper proliferated especially in unweeded areas.
Also, forbs decreased in unweeded areas and grass decreased in weeded areas over time.

2.4.2. Seedling growth response.
2.4.2.1. Survival.
Eighty-four percent of seedlings survived three growing seasons. For both
northern red oak and American chestnut seedlings, there was a significant effect of
silvicultural and weeding treatments after three growing seasons (Table 2.4). However,
no statistical differences between treatments were detected. After the first and second
growing seasons, stem gnawing by voles significantly reduced Cunningham control
seedling survival, which could have affected results.
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2.4.2.2. Height
At time of planting in spring 2014, mean seedling height for American chestnut
seedlings was 66.4 (±1.3) cm and 57.3 (±0.9) cm for northern red oak seedlings. After
three growing seasons, mean chestnut height was 242.9 (±8.0) cm, compared to 119.7
(±4.2) cm for oaks. Repeated measures analysis for northern red oak showed a significant
effect of silvicultural treatment (Table 2.4), and seedlings grown in the uncut control
were shorter than those in the shelterwood (p=0.007) and clearcut (p<0.001) treatments
(Figure 2.4e), but height did not differ between clearcut and shelterwood treatments. For
American chestnut seedlings there was also a significant effect of silvicultural treatment
(Table 2.4), and seedlings grown in the shelterwood treatment were taller than those in
control (p<0.001) or clearcut (p=0.02) (Figure 2.4cd). The interaction between
silvicultural and weeding treatments was significant for oaks (Table 2.4) but no statistical
difference between treatments was detected due to interaction with time.

2.4.2.3. RCD (root collar diameter)
When planted in spring 2014, mean American chestnut seedling RCD was 6.7
(±0.1) mm and northern red oak RCD was 6.5 (±0.1) mm. After three growing seasons,
mean seedling RCD was 27.1 (±1.1) mm for chestnut and 13.8 (±0.5) mm for oak. For
chestnut seedlings, repeated measures showed a significant effect of silvicultural and
weeding treatments. After three growing seasons, chestnut seedling RCD was greatest in
the shelterwood treatment, significantly more than in the clearcut (p=0.03) and uncut
control (p<0.001). Additionally, clearcut seedlings had significantly greater RCD than
control (p<0.001). For northern red oak seedlings, repeated measures analysis showed a
significant effect of silvicultural treatment on RCD (Table 2.4), and seedlings grown in
the uncut control treatment had significantly lower RCD than those in clearcut (p<0.001)
and shelterwood treatments (p<0.001) (Figure 2.3f). The interaction between silvicultural
and weeding treatment was significant for oak but not chestnut (Table 2.4). For both
species, seedlings grown in the weeded treatments had significantly greater RCD than
those in unweeded treatments (Table 2.4).
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2.4.2.4. Height-diameter ratio.
With repeated measures, effects of silvicultural and weeding treatments were
significant for height-diameter ratio of both species. Silvicultural-weeding treatment
interaction was significant for oak but not chestnut (Table 2.4). For chestnut (p<0.001)
and oak (p=0.004) after three growing seasons, there was no statistical difference among
silvicultural treatments, but seedlings in the weeded treatment had significantly higher
Ht:di than unweeded.

Table 2.4. Main effects of silvicultural treatment, weed (competition control) treatment,
and their interaction using repeated measures of time. For silvicultural treatment,
measurements are from spring 2014-fall 2016, and for weed treatment and the interaction,
measurements are from spring 2015-fall 2016.

I
Chestnut

Oak

Effect
Silv. treatmt.

Height (cm)

RCD (mm)

Survival (%)

Ht:Di

<0.001

<0.001

0.037

<0.001

Weed treatmt.

0.065

<0.001

0.003

<0.001

Silv x Weed

0.051

0.094

0.960

0.720

Silv. treatmt.
Weed treatmt.
Silv x weed

<0.001
0.399
0.002

<0.001
<0.001
<0.001

<0.001
0.013
0.100

<0.001
<0.001
<0.001
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Figure 2.3. Height vs RCD, silvicultural and weeding results at end of experiment 1 ±
standard error. Different letters indicate significant differences among treatments per
Tukey’s HSD (α=0.05). Chestnut root collar diameter divided by silvicultural
treatment. B. Chestnut root collar diameter divided by weed treatment. C. Chestnut
height divided by silvicultural treatment. D. Chestnut height divided by weeding
treatment. E. Oak root collar diameter divided into silvicultural and weeding
treatment. F. Oak height divided into silvicultural and weeding treatment.
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2.4.3. Physiological measurements.
2.4.3.1. Gas exchange.
For chestnuts in 2015, effect of silvicultural treatment was significant for
photosynthesis (Table 2.5); significant statistical differences indicated that chestnuts in
the clearcut treatment photosynthesized more than those in the uncut control (p=0.031)
and shelterwood (p=0.038) in 2015, and no difference for photosynthesis between
weeded and unweeded treatments (Figure 2.4b). Silvicultural treatment also had a
significant effect on stomatal conductance (Table 2.4), and leaves in the clearcut
treatment had greater conductance than those in the shelterwood (p=0.047). For
transpiration, effect of silvicultural treatment was again significant (Table 2.5); leaves of
clearcut seedlings treatment transpired more than shelterwood (p=0.008) and uncut
control (p=0.009). Effect of silvicultural treatment was significant for stomatal
conductance and transpiration in chestnuts in 2016 (Table 2.5). For conductance,
seedlings in the control treatment had lower conductance than those in the clearcut
(p<0.001) and shelterwood (p<0.001), and the interaction of silvicultural and weeding
treatments was significant (Table 2.5). For transpiration, no significant differences were
detected between treatments. When PAR-temperature combination was analyzed as a
main effect for chestnuts in 2016, effect of silvicultural treatment, PAR-temperature
combination, and silvicultural-weeding treatment interaction were significant for
photosynthesis, stomatal conductance, and transpiration (Appendix A3). However, no
statistical difference was detected between treatments.
For northern red oak in 2015, effect of silvicultural treatment was significant for
stomatal conductance and transpiration (Table 2.5). No significant differences were
detected between treatments for conductance, but clearcut leaves transpired significantly
more than shelterwood (p=0.044) and uncut control (p=0.004). In 2016, effect of
silvicultural treatment was significant for oak seedling photosynthesis, stomatal
conductance, and transpiration (Table 2.5). Photosynthesis was significantly lower in
oaks grown in the control treatment compared to those in the shelterwood (p=0.040) and
clearcut (p<0.001) (Figure 2.4a). Additionally, clearcut oak seedlings had greater
conductance than uncut control (p=0.009), and clearcut (p<0.001) and shelterwood
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(p=0.037) leaves transpired significantly more than uncut control. When PARtemperature combination was analyzed as a main effect for oaks in 2016, silvicultural
treatment had a significant effect on photosynthesis, stomatal conductance, and
transpiration (Appendix A3). No significant differences were detected between
silvicultural treatments. PAR-temperature combination was significant for oak
photosynthesis and transpiration, and seedlings subjected to the high PAR-temperature
combination photosynthesized and transpired more than those subjected to the low
combination (p=0.020).
No treatments or their interaction had a significant effect on oak WUE in either
year, or on chestnut WUE in 2015. There was a significant effect of silvicultural and
weed treatments on chestnut seedlings in 2016 (Table 2.5), but no statistical differences
were detected between treatments.

2.4.3.2. Pre-dawn plant moisture stress (PMS).
For chestnut seedlings, silvicultural treatment and silvicultural-weeding treatment
interaction significantly affected plant moisture stress in 2015, but no statistical
differences were revealed between treatments (Table 2.5). For northern red oak seedlings,
in 2015 there were no significant treatment effects. Silvicultural treatment effect was
significant (Table 2.5), but no statistical differences were revealed between treatments in
2016.
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Table 2.5. LMM model testing the effects of light (df=2), weeding (df=1), and their
interaction on American chestnut (a) and northern red oak (b) photosynthesis (A),
stomatal conductance (g), transpiration (E), and WUE (water use efficiency; A/E), PMS
(plant moisture stress; ψ), and leaf nitrogen concentration. Leaf N concentration was also
measured in 2014, and effect of silvicultural treatment was significant for both species
(p<0.001).
*=here the PMS was the average of two dates of measurement. For chestnut 2015, the
second date did indicate a significant. Difference between light treatments.
**=for oak WUE in 2015, log transformation was required.
2015

Effect

A

Chestnut

Silv. treat.
Weed treat.
Silv x weed

Oak

g

E

WUE

PMS

Leaf N
(%)
0.010
0.772
0.150

Leaf N
(mg/leaf)
0.005
0.179
0.119

<0.001 0.036
0.429
0.656
0.114
0.185

<0.001
0.686
0.212

0.687
0.497
0.707

0.043*
0.385
0.027

Silv. treat.
Weed treat.
Silv x weed

0.586
0.569
0.138

0.004
0.006
0.369

<0.001
0.134
0.594

0.530** 0.607
0.749
0.431
0.220
0.374

<0.001
0.949
0.906

0.389
0.406
0.085

Effect

A

g

E

WUE

PMS

0.001

0.089

0.012
0.265

0.810
0.260

Leaf N Leaf N
(%)
(mg/leaf)
0.079
<0.001
0.733
0.405
0.378
0.629

Silv. treat.
Weed treat.
Silv x weed

<0.001
0.367
0.015

<0.001 <0.001
0.514 0.884
0.041 0.063

Silv. treat.
Weed treat.
Silv x weed

<0.001
0.509
0.692

<0.001 <0.001
0.506 0.452
0.554 0.668

0.430
0.907
0.770

0.008
0.403
0.981

0.645
0.516
0.944

I

2016

I
Chestnut

Oak

0.988
0.729
0.396

I

I
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Figure 2.4. Seedling photosynthesis at acclimated level of light ± standard error. Only
significant results are shown (no significant effects in 2015 for oak, and no
significant interaction for oaks in 2016 and chestnuts in 2015). Different letters
indicate significant differences among treatments per Tukey’s HSD (α=0.05). Oak
photosynthesis in 2016 (a), chestnut photosynthesis in 2015 (b), and chestnut
photosynthesis in 2016 (c).
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2.4.3.3. Leaf nitrogen concentration and content.
Foliar nitrogen concentration differed significantly among silvicultural treatments
for both species in 2014 and 2015 (Table 2.6). Tukey’s HSD revealed that leaves in the
clearcut had lower leaf N concentration than those in the shelterwood or uncut control
treatments (all p<0.001 except p<0.007 for oak between control and clearcut) for both
chestnut and oak leaves in 2014. Further, oak leaves in the clearcut had lower N
concentration than those in the uncut control (p=0.008) in 2015. Neither silvicultural
treatment, weed control treatment, or their interaction had a significant effect on leaf N
concentration for either species in 2016 (Table 2.6).
For leaf nitrogen content, silvicultural treatment was significant for chestnut
(Table 2.6), but Tukey’s HSD did not reveal any significant pairwise comparisons in
2015. Silvicultural treatments were again significant for chestnut in 2016, and Tukey’s
HSD revealed that leaves in the uncut control treatment had less N than those in the
clearcut (p=0.046) or shelterwood (p=0.007). For oak, silvicultural treatments were not
significantly different in either year. Weed control treatment and the interaction of
silvicultural and weed control were never significant.

2.5. Discussion
2.5.1. Seedling response to silvicultural treatments
American chestnut performed best in the shelterwood treatment as predicted.
Shelterwood chestnut seedlings grew 240 cm in height and 27 mm in RCD in three
growing seasons compared to 170 cm height and 22 mm RCD in clear cut and 125 cm
and 11 mm in uncut control. Several other studies have also observed higher rates of
chestnut growth in intermediate light levels (McNab et al. 2003, McCament and
McCarthy 2005, Rhoades et al. 2009, Griscom and Griscom 2012, Brown et al. 2014).
For example, Anagnostakis (2007) found that chestnut seedlings grew better in 65%
shade than in full sun. Northern red oaks performed best in the clearcut treatment,
growing 81 cm in height and 9 mm in RCD in three growing seasons. Other studies have
found similar results, and northern red oak is known to perform better in large canopy
gaps and openings (Buckley et al. 1998, Ward et al. 2000, Morrissey et al. 2010). Both
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species had high survival (>84%), exceeding that of operational hardwood plantings in
Indiana (Jacobs et al. 2004), and there were no significant differences among treatments
in survival. Reduction in survival was in part attributed to vole stem gnawing.
Chestnuts in the shelterwood and clearcut had significantly higher rates of
photosynthesis than in the uncut control (Figure 2.5). Other studies measuring chestnut
gas exchange found that net chestnut photosynthesis increased with light availability
(Wang et al. 2006, Joesting et al. 2007, Brown et al. 2014). Oak photosynthesis was also
significantly affected by silvicultural treatment in 2016, and uncut control seedlings had
lower photosynthesis than the other treatments; microclimate measurements indicate this
was largely due to PAR, not soil parameters. For both species, lower stomatal
conductance and transpiration rates in the uncut control treatment and higher conductance
and transpiration in the other treatments correspond with respective rates of growth and
photosynthesis. For seedlings of both species, photosynthesis in shelterwood and clearcut
treatments was similar because both reached light saturation. Dey et al. (2008) reported
that northern red oak reached saturation by 50% canopy removal, ~550 µmol m-2 s-1 PAR
and we found a saturation value of about 600-700 µmol m-2 s-1 PAR for this study. For
chestnut, Joesting et al. (2007) reported saturation at 600 µmol m-2 s-1 and we found a
similar saturation value of about 700-800 µmol m-2 s-1 PAR for this study.
Leaf N concentration is directly linked to photosynthesis rates (Reich et al. 1998;
Goodman et al. 2014). Nitrogen concentration in the three silvicultural treatments was
greatest in the uncut control for chestnut in 2014 and oak in 2014 and 2015 (Table 2.5).
Leaves of shaded seedlings allocate a greater proportion of leaf N to chlorophyll
(Kubiske and Pregitzer 1996). Higher leaf N concentration in seedlings in the uncut
control appears to contradict growth and photosynthesis results, in which clearcut and
shelterwood seedlings outperformed uncut control seedlings. However, significantly
higher chestnut leaf N content in the clearcut and shelterwood suggest that N dilution
occurred in the faster growing seedlings of these treatments. Species with high rates of
shoot growth such as chestnut and aspen (Populus tremuloides Michx.) exhibit strong
correlation between leaf N content and light availability (Kaelke et al. 2001). Conversely,
species like northern red oak that preferentially allocate biomass to root growth exhibit
no clear differences in leaf N content (Kaelke et al. 2001). Chestnut leaf N content
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corroborated this by increasing more with light availability corresponding to silvicultural
treatments, exhibiting high plasticity.

2.5.2. Seedling response to weed control treatments
Seedlings of both species responded to weed control with increased RCD, but
exhibited no height response. Diameter growth is often more responsive to vegetation
control than height (Creighton et al. 1987, Miller et al. 1991). Presumably, seedlings in
the unweeded subplots allocated more biomass to height to outrace the tall herbaceous
and woody competition (Grossnickle 2012). Additionally, it has been noted that oak
seedlings allocate more biomass to roots and root collar diameter when aboveground
competition is absent as an adaptation to surface fire and drought (Dey and Fan 2009,
Johnson et al. 2009). The same results were found in a similar study for northern red oak,
but not for chestnut (Belair et al. 2014). Weed control did not appear to have as much of
an effect as silvicultural treatment on seedling growth, likely because the weed control
treatment was not initiated until the start of the second growing season.
There was a significant height and RCD interaction between silvicultural
treatment and weed control treatment for oak but not for chestnut (though marginally
significant; p=0.094 for RCD and p=0.051 for height, Table 2.4). This suggests that
increased shade associated with canopy retention, such as in control or partial thinning,
reduces understory vegetation growth, which in turn promotes seedling growth. Kolb et
al. (1990) concluded the same in a similar examination of the relationship between
shading and herbaceous cover.
The significant interaction of silvicultural treatment and weed control treatments
in 2016 for chestnut seedling photosynthesis indicates that weeding positively influenced
chestnut photosynthesis. Weed control was relatively more impactful in plots with more
competition, i.e. clearcut. However, there was no impact of weeding on photosynthesis
for oaks.

2.5.3. Seedling species comparison
Although we analyzed species separately, precluding statistical comparison
between species, chestnut seedlings grew twice as quickly as oak, and had higher
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photosynthesis, leaf N concentration (2015 and 2016), and leaf N content (2015). This
corroborates results from past studies (Griscom and Griscom 2012, Belair et al. 2014,
Brown et al. 2014). Chestnut has been called “an exception to the rule of environmental
tradeoffs” with resource variation because it performs so well across a broad range of
conditions (Latham 1992).
Chestnuts performed best in the shelterwood, and oaks in the clearcut. Sufficient
light availability is a critical factor for plant growth, so differences in PAR
(clearcut>shelterwood>control, Figure 2.2) probably explain most of the seedling growth
variation between silvicultural treatments. Chestnuts are believed to have intermediate
shade tolerance, while northern red oak, though more tolerant than most other oaks, is
less shade tolerant than chestnut (Latham 1992, Wang et al. 2006). The findings of this
study support those observations.
Chestnut’s dominance can be explained in part by its growth strategy. Much like
tulip poplar (Liriodendron tulipifera L.) and red maple, it invests >70% biomass in
aboveground growth (Latham 1992, Groninger et al. 1996), preferentially allocating
biomass to shoot growth to decrease the likelihood of being overtopped by competing
vegetation (Oliver and Larson 1996). Oak and hickory, on the other hand, dedicate more
biomass to belowground root growth (Johnson et al. 2002). This helps them to survive
repeated understory disturbance until disturbance creates an opportunity to grow and
attain a canopy position, at least in dry woodland forests where canopy is more open
(Johnson et al. 2009).

2.5.4. Seedling response to soils
pH was acidic (mean 4.3-4.5, Table 2.3) which increases exchangeable Al in the
soil and could lead to Al toxicity (Horneck et al. 2011). Low K and Ca and low base
saturation percentages helped to explain the low pH (Appendix A5). Potassium range for
the soils in this study was 60-90 ppm, and the normal range for K is 100-130 ppm for the
total exchange capacity of soils found in this study (Table 2.3, LaBarge and Lindsey
2012). A typical cation saturation range for Ca is 40-80%, and the observed range was
15-45% saturation (LaBarge and Lindsey 2012; Appendix A5).
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While many mesic tree species cannot tolerate these conditions, northern red oak
and chestnut typically perform best in soils of pH 4-6 (Griffin 1992, Rhoades 2007,
Johnson et al. 2009, Wang et al. 2013) and are adapted to the altered nutrient composition
caused by low pH. They performed well in the silt loam soil. Chestnut sprouts are
frequently observed in similar soils to those in this study, and are not associated with
limestone and high pH soils (Paillet 1988, Wang et al. 2013). Northern red oak is adapted
to a broader range of conditions but also grows well in these somewhat poorer soils
associated with pines (Johnson et al. 2009). Soil moisture did not seem to be limiting
either, as PMS measurements did not reveal differences between treatments. Chestnuts
performed best in the shelterwood, which had similar soil moisture to the uncut control
(Figure 2.3) where seedlings performed worst.
None of the soil nutrient results indicate that the uncut control treatment had
lower nutrients than the other two silvicultural treatments. Therefore, this is probably not
the reason for reduced rate of growth and photosynthesis in the uncut control treatment.
Rather, soil in the uncut control is similar to that of the shelterwood for organic matter,
TEC, ENR, and K (Table 2.3), and uncut control soil values are intermediate between
clearcut and shelterwood for Ca, Mg, and Cu (Appendix A1).

2.5.5. Conclusions and management implications
The results of this study suggest that a shelterwood or clearcut treatment would
provide the most effective prescription for conversion of pine plantations to hardwoods.
A shelterwood will promote less competition and therefore require less weed control
compared to a clearcut. The fact that chestnut grew best in the shelterwood while oak
grew best in the clear cut in addition to known differences in shade tolerance between the
two species indicate that chestnut may perform better in a shelterwood, while oak may be
slightly better adapted to regeneration in a clearcut (Belair et al. 2014, Latham 1992).
Reduction in understory competition led to an increase in seedling RCD, so weed control
for at least one growing season is recommended. Weeding for more than one growing
season adds further RCD benefits (Creighton et al. 1987, Jacobs et al. 2012). Survival of
seedlings in this study was very high. Seedlings in this study were larger at planting than
in most related studies, (Kaelke et al. 2001, McNab et al. 2003, Rhoades et al. 2009),
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which frequently contributes toward success of artificial regeneration establishment for
hardwoods (Dey et al. 2008).
American chestnut and northern red oak were well-suited to the characteristics of
a pine plantation. Chestnut, oak, and pine have similar site preferences and are associates
in multiple eastern US forest types (Aughanbaugh 1934, Crow 1988). These non-native
pine plantations in the Midwest are unsustainable and not profitable, and are destined to
be replaced by natural regeneration of less valuable or invasive species, unless this
opportunity is used to replace them with native hardwood species such as oaks and
chestnut. A key problem for the reintroduction of American chestnut is to identify
optimal reintroduction habitats (Jacobs et al. 2013). Oak regeneration is more easily
accomplished in pine stands than most other forest types (Hartman et al. 2005), and the
results of this study support this. Pine plantation conversion thus represents a potential
target site type for restoration of northern red oak and chestnut.
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CHAPTER 3. GROWTH AND NUTRIENT DYNAMICS OF
HARDWOOD REGENERATION IN CONVERSION OF CONIFER
PLANTATIONS: INFLUENCES OF LIGHT AND NUTRIENT
SUPPLY

3.1. Abstract
Conversion of introduced conifer plantations that are mature and/or in decline to
valuable threatened hardwood species represents a viable restoration opportunity in the
US Midwest. In this experiment, we examined regeneration responses of two threatened
hardwood species, northern red oak (Quercus rubra L.) and American chestnut
(Castanea dentata (Marsh.) Borkh), planted into eastern white pine (Pinus strobus L.)
plantations. We sought to determine the effects and interactions of light intensity and
fertilization treatments on underplanted seedling growth, and understand differences in
soil chemical characteristics between conifer-influenced and non-conifer-influenced soils
and their effect on seedling growth. We manipulated pine canopies to create the same
three silvicultural treatments, then underplanted hybrid American chestnut and northern
red oak. Additionally, a fourth ‘open field’ treatment was added. For two growing
seasons, two levels of controlled release fertilizer were applied directly to seedling root
systems along with an unfertilized control. All plots were weeded each growing season in
all plots. Chestnut and oak seedlings both had significantly greater height and root collar
diameter in the clearcut and shelterwood than uncut control and open field after the two
growing seasons. Chestnut height and root collar diameter were triple that of oak, likely
due to contrasting growth strategies of the two species in addition to disparate initial
planting stock size. Fertilization increased seedling growth more in the clear cut and open
field than the shelterwood and uncut control. This response was probably due to the
effects of canopy absence or removal on light and water availability. Open field seedling
survival and leaf nutrient concentration were less than the other treatments, likely
associated with occurrence of flooding and incidence of ambrosia beetle, rather than soil
effects. Soils were not very different between open field and pine-forested treatments,
except open field had significantly higher levels of pH, and greater levels of potassium
and sulfur, due to the high pH and cation concentrations that increased buffering capacity

63
of soils. Though the soils of current or former conifer plantation sites in this study had
low pH and base saturation, oaks and chestnuts are adapted to these conditions. Due to
observed high rates of survival and growth, we concluded that pine plantations are ideal
locations for American chestnut and northern red oak restoration. Shelterwoods and
clearcuts are each viable silvicultural conversion options for underplanting oak and
chestnut seedlings, and controlled release fertilizer addition further augments growth
increase, especially in open environments.

3.2. Introduction
Forest changes in the past century such as those resulting from non-native disease
have devastated American chestnut. Concurrently, increased ungulate populations and
fire suppression have heavily reduced oak regeneration (detailed in Chapter 2.2). Large
pine plantations were planted outside their native range in the Midwest of the US in
1940-1960 to stabilize degraded farmland (Parker and Ruffner 2004); pines were often
the only nursery stock available. Presently, ~600km2 in Illinois, Indiana, and Ohio is now
comprised of plantations that were reforested with pines, which are not native, not
profitable, reduce biodiversity and ecosystem function, reduce soil fertility, and are
damage-prone (Engel and Ammer 2001, Spiecker et al. 2004, Duffy 2014). Forest
restoration is applicable to 5 billion acres worldwide, and understanding how best to
convert from conifer plantations to native species is applicable to many locations
(Stanturf et al. 2014). Replacing these pines with native species that are failing to
regenerate represents a means to improve the ecological and economical values of these
lands. For instance, American chestnut hybrid seedlings that are resistant to chestnut
blight will soon become available for restoration (Jacobs et al. 2013), and planting oaks
would help to overcome poor natural regeneration that has been documented for several
decades (Lorimer 1984, Abrams 1992). Chestnuts and oaks may be more successful than
other hardwood species (detailed in Chapter 2.2).
Although pine conversion to hardwood or mixed forests has many advantages and
many studies have been done in Europe (Spiecker et al. 2004), optimal silvicultural
methods for such prescriptions are not well established in North America. Management
practices increase establishment success by manipulating plant growth, largely dictated
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by light availability, soil nutrients and water availability, and competition. Before
underplanting seedlings, silvicultural treatments are often needed. Shelterwoods and
clearcuts are common silvicultural treatments used in forest regeneration (detailed in
Chapter 2.2). These silvicultural practices have not been tested with the objective of
conversion from conifer plantations to a mixed red oak-chestnut stand.
Upon outplanting, bareroot tree seedlings must survive a period of transplant
stress (the period between planting and vigorous growth) in which moisture and/or
nutrients are limiting (Haase and Rose 1993, Jacobs et al. 2005). During this
establishment phase, nutrient stress may be at least partially overcome through field
fertilization. Nitrogen, phosphorus, and/or potassium are the nutrients most likely to be
deficient in soils and limit plant production. Nitrogen fertilization generally increases leaf
N concentration and leaf mass (Pallardy 2008, Goodman et al. 2013). Fertilization with P
can increase photosynthesis and N fixation, and speed up reproduction and maturation. K
fertilization can alleviate a plant overcome growth retardation and impaired lignification
caused by K deficiency (Hawkesford et al. 2012).
Field fertilization may be particularly important for conversion of conifer
plantations because it can help to counter the effects of mature pine plantations on soil
chemical properties. Conifers acidify soil through root exudates and litter decomposition.
In a Connecticut study, soil pH, buffer capacity, K, Ca, and Mg were found to be
significantly lower underneath eastern white pine and Norway spruce than green ash
(Binkley and Valentine 1991). Similar results were reported in southern Indiana (Duffy
2014). Nitrate leaching was higher in conifer than broadleaf forest in Germany (Rothe
1997). Fertilization or liming may be beneficial to help overcome these deficiencies if
species less adapted to acid conditions are to be planted (Long et al. 1996). However,
studies using traditional immediately available fertilizer have shown mixed or
nonexistent effects on outplanted seedling growth (Williams 1974, Braun and Byrnes
1982; Jacobs et al. 2005). Immediately available fertilizer may also increase growth of
competing vegetation and have high rates of nutrient losses from leaching (Sloan et al.
2016).
Controlled release fertilizer (CRF) often offers more favorable results than
traditional broadcast immediately available fertilizers (Sloan et al. 2015; Earnshaw et al.
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2016). CRF prills are designed to release nutrients upon water penetration through
micropores or incomplete sulfur coverage (depending on the product) over a period of
months to a year. CRF decreases incidence of salt toxicity to roots, reduces nutrient
leaching, and provides trees nutrients to seedlings consistently over a longer period
(Jacobs and Timmer 2005, Jacobs et al. 2005). Relatively few studies have examined the
effect of CRF on hardwood seedling plantings but have generally shown positive results
(Jacobs et al. 2005, Earnshaw et al. 2016). We are not aware of studies of conifer
conversion that used any type of fertilization, including CRF.
For this experiment, the specific objectives were to (1) analyze interaction of
fertilizer treatments with silvicultural treatments on underplanted seedling growth, and to
(2) understand chemical differences in conifer-influenced and non-conifer-influenced
soils and how they can affect growth of underplanted seedlings. We hypothesized (1)
American chestnut seedlings will have a faster rate of growth (height and RCD) than
northern red oak seedlings. Similar to Chapter 2, we hypothesized (2) seedlings of both
species will have the fastest rate of growth (height and RCD) and survival in the
shelterwood treatment and lowest growth and survival in the uncut control and open field
treatments. Accordingly, shelterwood treatment seedlings were expected to have the
greatest leaf nutrition. Third, we expected (3) that applying a high rate of CRF would
have the most positive effect on seedling growth (growth and RCD) and leaf nutrition.
We also expected to see an interaction between silvicultural and fertilization treatments.
Finally, we hypothesized (4) soils of land not previously forested with pine will have
higher pH and K, Ca, and Mg than those previously forested with pine.

3.3. Methods
3.3.1. Site description
The experiment was conducted at Purdue University properties near West
Lafayette, Indiana, in the Central Hardwood Forest region. Two sites were selected
(Figure 1a): Cunningham forest (40°14’59.5”N 86°49’51.2”W) and Martell forest
(40°26’13.2”N 87°02’13.2”W). Both sites contained 40-year-old stands of eastern white
pine (Pinus strobus L.). Soils at Martell forest are well-drained Richardville silt loam,
and soils at Cunningham forest are a mixture of well-drained Richardville and Rockfield
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silt loams (NRCS United States Soil Survey 2014). All soils were glacial till and loess
derived. Both sites receive an average precipitation of 937 mm year-1. 2015 received
slightly higher than normal precipitation (970 mm), while 2016 received 912 mm (Table
2.1). Average annual temperature is 10.4°C, warmest in July at mean 23°C and coolest in
January at mean -4°C (NCDC, 2012; Table 2.1).
Shelterwood Shelterwood Shelterwood

Open field

Open field

0

30

60

Clearcut

Clearcut

30

60

Uncut

Uncut

Uncut

Control 60

Control 0

Control 30

Open field

Open field

Open field

30

0

60

Clearcut 0

Figure 3.1. Location of both study sites for both experiments (a): Martell and
Cunningham forest; and detailed image of blocks at each study site, two blocks at
Martell (b) and one at Cunningham forest (c). For (d), subdividion of each block in
plots. In uncut control plots, pine overstory was left intact, in clearcut all pines were
harvested, and in shelterwood half the pine overstory trees were harvested with a
plan to harvest the remaining trees 5-10 years later. Open field plots received full
light during the experiment. They were selected to compare with conifer effects on
soil, and included areas of the same size as the other plots about 100 m from the
original sites. These open field blocks have been kept open with only herbaceous
plants allowed to grow since the 1960’s. Treatments in subplots: no fertilizer=0, low
level application=30, and high level application=60. The 0, 30, and 60 are number
of grams of controlled release 12-14 month fertilizer applied per seedling). Each
subplot was considered as a treatment.
3.3.2. Silvicultural treatments
Homogeneous areas of at least 13 x 19 m were selected at each site to create two
replicate blocks at Martell (Figure 3.1b), and one at Cunningham (Figure 3.1c). The total
basal areas of the plantation used for the experiment were 52, 92 and 102 m2 ha-1, for the
Martell 1 and 2 and Cunningham blocks, respectively. Silvicultural cutting treatments
were installed by modifying the basal area of the original pine overstory. Each block was
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divided into three plots in a split-plot design with north-south orientation and
shelterwood, clearcut, and uncut control were randomly allocated to plots at each
replicate block. For the shelterwood plot, the reduction of the overstory occurred by
removing half of the basal area of the overstory pines by cutting every other tree in
already-existing rows, alternating every other tree in each row. In the clearcut plot, all
the overstory pines were removed, allowing for maximum light availability to the
understory seedlings. This simulated a conventional land clearing for the beginning of a
new plantation. Finally, in the uncut control plot, none of the pines were removed.
Silvicultural treatments were installed between February and May 2014. The selected
pines for each plot were felled by chainsaw and extracted with a tractor-mounted winch.
In addition, all midstory trees were removed from all plots after the pine harvest to reduce
possible confounding from different levels of midstory influence. An additional open
field treatment adjacent to the conifer stands was selected to assess conifer effects on soil,
and included approximately 18 x 22m areas less than 100m from the original sites (Figure
3.1bc). These open field blocks had been hardwood forests, were cleared in the late
1800’s and then used for agriculture until the 1960’s. They have since been maintained
by mowing with only herbaceous plants allowed to grow. The open field treatment
received full light during the experiment.

3.3.3. Fertilization effects on underplanted seedlings
This experiment (Figure 3.1d) was arranged as a split-plot design with three
factors in full combination: species (two levels), pretreatment of the stand/land use type
or “silvicultural treatment” (four levels), and controlled-release fertilizer treatments (three
levels).
An adjacent 350 m2 area from each experiment one plot (about 15x24 m) was
selected at the beginning of 2015. Seven hundred twenty northern red oak and 720
American chestnut (BC3F2 hybrids) bareroot (1+0) seedlings were obtained from the
Indiana Department of Natural Resources State Tree Nursery in Vallonia, southern IN,
and were used for underplanting. Each plot was manually underplanted with 60 seedlings
per species spaced 1.5×1.5 m apart in May 2015. An additional 60 seedlings per species
were planted in the open field areas.
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Each plot was divided into three subplots of 20 seedlings per species and assigned
to three levels of fertilization: none, low and high. These levels correspond to an
application per seedling of 0, 30, and 60 g, respectively, of controlled-release fertilizer
(Osmocote Classic 19N-6P-12K, 12 to 14-month release rate, Scotts International B.V.
Scotts Professional, Geldermalsen, The Netherlands). Fertilizer was applied by digging
from an angle with a shovel 15 cm deep into the root zone 10 cm from the seedling and
applying fertilizer. Application was done two weeks after planting in June 2015, and
again in April 2016. Weed control in all treatments was done as described in Experiment
1, except that Pendulum (Pendulum Aqua Cap, Research Triangle Park, NC, USA) preemergent herbicide with glyphosate (Razor Pro, Burr Ridge, IL, USA) was also applied
to the aisles between rows applied via backpack sprayer in spring and mid-summer 2016.
For each treatment, we recorded environmental data, measured structural and
physiological traits of the seedlings, and analyzed different soil characteristics.
Around every planted area, in both experiments, fencing was installed (2 m high)
at least 50 cm away from seedlings to impede white-tailed deer (Odocoileus virginiana
Zimmerman) herbivory.

3.3.4. Environmental condition measurements
Photosynthetically active radiation (PAR, µmol photons m-2s-1) was measured
between late July and early August in 47 points per adjacent experiment 1 plot in 2014.
PAR was always measured between 11:00 and 14:00h at a height of about 80 cm, or the
height of an average seedling at time of planting. PAR was measured with a light
ceptometer (AccuPAR model LP-80, Decagon Devices, Pullman, WA). As differences
among treatments were obvious, in the following years PAR was just measured for one
third of the points.
Soils were sampled October 2015 and both August and October 2016 to observe
possible seasonal soil nutrient differences for total exchange capacity, pH, and fertility
characterization. Samples were cored in each plot in four transects of three samples in
2015, and three transects of four samples in 2016. Cores were evenly spaced 6-8 m apart
in a grid pattern, except in one irregularly-shaped plot where samples were spaced as
evenly as possible. Mineral soil was collected to a depth of 20 cm with a 2.54 cm
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diameter tubular soil sampling probe (Oakfield Apparatus Co., Oakfield, WI). The litter
layer was removed from soil samples. Samples were transported to a laboratory. Soil
moisture for each sample was determined by loss of mass between fresh and dry weight
after drying in a drying oven set at 68°C for 48 h.
Dried soil cores were sifted through a 2-mm sieve. Twenty grams from the
samples from each transect were combined into a plastic bag. Four composite samples
were made per plot in 2015 and three per plot in 2016. The resulting composite samples
were sent for analysis to Brookside Laboratories, Inc. (New Bremen, OH). Total
exchange capacity, a soil fertility parameter which measures both anion and cation
exchange capacity, and the cation saturations, were measured according to Ross (1995),
and pH by the methods of McLean (1982). Nitrogen was measured in a couple ways, first
as estimated nitrogen release (ENR), an approximation of N released annually through
organic matter decomposition. Organic matter (OM) and total nitrogen (N) were
quantified using the loss on ignition methods of Schulte and Hopkins (1996). Available
nitrate (NO3-) and ammonium (NH4+) were measured using extraction with potassium
chloride (Dahnke 1990). Remaining nutrients (phosphorus (P), potassium (K), sulfur,
calcium (Ca), magnesium (Mg), sodium (Na), boron (B), iron (Fe), manganese (Mn),
copper (Cu), zinc (Zn), and aluminum (Al)) were measured as Mehlich III extractables
(Mehlich 1984).
Fertilizer release rate was measured following the methodology described by
Haase et al. (2007). Summarily, we filled 60 PVC rings (2.5×7.6cm width × diameter)
with 60g of the fertilizer used in the experiment (Osmocote 12-14-month controlled
release fertilizer), covered them with nylon and tied them off. Five of the resulting
‘fertilizer rings’ per plot were buried 15 cm deep in randomly chosen spaces in July 2015.
The rings were excavated every two months (except during winter when soil was frozen)
and dried at 60°C for 48 hours. The fertilizer prills were then removed, weighed, placed
back in the PVC/nylon covering, and re-planted in the same location for the next twomonth cycle. We repeated this until August 2016, by the time the fertilizer should have
all been released. Release rate was estimated as loss of dry weight. The fertilizer would
not have affected seeding growth because rings were planted at least 50 cm from
seedlings.
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3.3.5. Plant performance measurements
We measured survival, height, and root collar diameter (RCD) a month after
planting, after flushing and at the end of the growing seasons. We considered seedlings
that died back but later continued growing to be alive, measured height and RCD of the
new shoots. We calculated height-diameter ratio (Ht:Di) as the ratio of height to RCD.
The youngest fully formed undamaged leaf was taken from three or four
randomly chosen seedlings of each species in each of the subplots in late summer 2015
and 2016. Composites were created by combining the leaves from the four seedlings of
each species in each subplot (six composites per plot). The composites were sent to
Brookside Laboratories, Inc. (New Bremen, OH) for nutrient characterization. We
analyzed nitrogen by combustion on an elemental analyzer (Carlo Erba 1500, Thermo
Scientific, Waltham, MA or Elementar Vario EL, EVISA, Münster, Germany).
Phosphorus, K, and remaining micronutrients (Ca, Mg, S, B, Fe, Mn, Cu, Zn, and Al)
were digested with nitric acid and hydrogen peroxide in a microwave system (CEM
Mars, Matthews, NC) and analyzed with a spectrometer (Thermo 6500 Duo ICP, Thermo
Scientific, Waltham, MA). Elemental ratios were also calculated.
3.3.6. Statistical analysis
Independent variables included species, silvicultural treatment, and fertilization
treatments, though species were analyzed separately. Dependent variables were survival,
height, RCD, foliar nutrients, soil, and PAR. Each silvicultural treatment in each
replicate block was designated as an experimental unit, and individual seedlings
comprised sampling units. A linear mixed effects model was used, where site was set as a
random effect and fixed effects were silvicultural treatment and fertilizer treatment.
Tests for normality and homoscedasticity of residuals were conducted, and when
results were not normal, log and square root transformations were employed. We used
ANOVA (p<0.05) to detect significant differences among treatments and when these
occurred, we used Tukey’s HSD test to assess pairwise comparisons (α=0.05).
Interactions were also tested for significance. Seedlings that exhibited dieback due to
vole herbivory, brush cutter damage, or other reasons were removed from statistical
analysis. All tests were done in R 3.1.2 (R Core Team 2014).
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3.4. Results
3.4.1. Environment characterization.
3.4.1.1. PAR (photosynthetically active radiation)
PAR was measured in an adjacent experiment 1 plot and found to be a significant
effect in 2014 and 2015 (p<0.001). PAR was greatest in the clearcut, intermediate in the
shelterwood, and least in the uncut control silvicultural treatment (Figure 2.2).
Significantly different PAR corresponded to silvicultural treatment, with 100% full sun in
the clearcut, 51.6% in shelterwood, and 15.1% in uncut control treatment.

3.4.1.2. Soils
In 2015 and 2016, soil moisture was different between silvicultural treatments
(p<0.001, Figure 3.2). In 2015, clearcut treatments had significantly higher soil moisture
than all other treatments (open field p=0.024, shelterwood and uncut control p<0.001),
and open field had higher moisture than shelterwood and control (p<0.001). In 2016,
clearcut and open field both had significantly higher soil moisture than shelterwood and
control areas (all p<0.001), and shelterwood was wetter than control areas (p=0.002).

20

a

A

■ 2015
2016

Figure 3.2. Soil moisture in 2 growing seasons ± standard error, each year analyzed
separately. Different letters indicate significant differences among treatments per
Tukey’s HSD (α=0.05).
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pH was acidic and averages ranged from 4.3-5.0 (Table 3.2). Organic matter was
between 2-4%. TEC was between 7-16 meq/100g; loams generally contain 15-30
meq/100g. pH, organic matter, and TEC were all significantly different by treatment
(p<0.001); the open field had higher values for each characteristic (Table 3.2, p<0.001).
Table 3.2. Soil chemical properties ± standard error. Nitrogen was measured as NH4+
(ammonium), NO3- (nitrate), and estimated N release. Ratio of ammonium to nitrate was
also calculated. Phosphorus was measured as P in parts per million (ppm). Potassium was
measured as K in ppm. Different letters indicate significant differences among treatments
per Tukey’s HSD (α=0.05). TEC (total exchange capacity; sum of cation and anion
exchange capacity).

I Chemical char.

Year

Clearcut

Shelterwood

Control

Open field

2015
2016

4.22 (±.04) c

4.59 (±.05) b

4.52 (±.07) bc

5.03 (±.16) a

4.2 (±.04) b

4.24 (±.05) b

4.26 (±.05) b

4.86 (±.16) a

Organic matter

2015

2.61 (±.16) ab

2.27 (±.14) b

2.33 (±.17) b

3.43 (±.6) a

(%)

2016

2.9 (±.17) b

2.58 (±.1) b

2.66 (±.16) b

3.89 (±.52) a

9.04 (±.62) b

8.77 (±.55) b

11.96 (±.62) ab

15.38 (±2.84) a

7.24 (±.24) c

10.45 (±.31) bc

13.13 (±.77) ab

16.19 (±2.15) a

2.57 (±.76) b

6.19 (±1.91) a

5.64 (±1.17) a

3.04 (±.43) ab

1.94 (±.2)

1.96 (±.18)

2.93 (±1.17)

1.91 (±.21)

29.79 (±2.8) a

11.81 (±2.9) b

8.55 (±1.38) b

19.56 (±1.62) a

15.97 (±1.51)

14.35 (±1.57)

14.53 (±2.99)

17.24 (±1.23)

0.086

0.524

0.660

0.155

0.121

0.137

0.204

0.111

80.1 (±3.5)

73.1 (±3.0)

74.2 (±3.5)

85.1 (±7.7)

84.4 (±2.7) ab

79.8 (±2.0) ab

80.4 (±2.7) b

91.7 (±5.6) a

36.2 (±2.2) a

30.8 (±2.9) ab

26.0 (±2.7) b

23.2 (±1.9) b

35.6 (±2.0) a

30.7 (±1.9) ab

22.7 (±2.1) b

23.3 (±1.5) b

81.9 (±18.5) b

81.3 (±8.3) b

80.1 (±5.8) b

123.5 (±17.5) a

71.1 (±5.3) b

79.1 (±7.13) b

69.7 (±2.9) b

114.3 (±11.3) a

pH

2015

TEC
(meq/100g)
NH4+ (ppm)

2016
2015
2016

NO3- (ppm)

2015
2016

NH4+:NO3-

2015
2016

Est. N release
(kg/ha)

2015
2016

3

P (ppm)

2015
2016

K (ppm)

2015
2016

In 2016, ENR was significant and open field areas had higher ENR than the other
treatments (Table 3.2, p=0.001). NO3- ranged from 8-30 ppm, and NH4+ between 1-7
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ppm (Table 3.2). Both NO3- and NH4+ were significant in 2015 (p<0.001), but the
relationship between silvicultural treatments was different each year, so the data was not
particularly meaningful. NH4+:NO3- ratio also differed year to year (Table 3.2).
Phosphorus ranged from 23-36 ppm and was significant in both years (p=0.001);
clearcut soils had significantly more P than uncut control and open field (Table 3.2). Soils
in this study ranged from 70-125 ppm potassium, and K was significantly higher in the
open field silvicultural treatment than the others in both years (p<0.005, Table 3.2).
Calcium is closely related to soil pH, so it was lower in this study than at a more neutral
pH. The observed range was 300-1400 ppm, and 15-45% saturation (Appendices B1 &
B5). Magnesium has similar characteristics to Ca, except it is more commonly deficient
in soils. The observed range here was 45-240 ppm and 4-20% saturation (Appendices B1
& B5). Silvicultural treatment was significant (p<0.001) for both Ca and Mg in both
years, and the open field treatment values for both were significantly higher than the
other treatments (Appendix B1). Copper, manganese, zinc, sodium, iron, aluminum, and
sulfur results can be found in Appendix B1.
3.4.2. Seedling growth response
3.4.2.1. Survival
After two growing seasons, 87% of seedlings were still alive. Silvicultural
treatment had a significant effect on chestnut survival with repeated measures (Table
3.4), and after two growing seasons seedlings of both species grown in the open field had
significantly lower survival than those in the shelterwood (p=0.002) and clearcut
(p=0.004). This was mainly because seedlings in the Cunningham open field had very
low survival (p<0.001) (Figure 3.3). Additionally, the silvicultural-fertilization treatment
interaction significantly affected chestnut survival; fertilization significantly affected
growth only in the clear cut and open field treatments (Table 3.4). For northern red oak
seedlings with repeated measures, silvicultural treatment, fertilization treatment, and their
interaction all positively affected survival (Table 3.4, Figure 3.3b). For silvicultural and
fertilization treatments, no statistical difference in treatments was detected. Survival in
the open field treatment was reduced because of ambrosia beetle outbreak in spring 2016,
and in Cunningham open field only, flooding in spring 2015.
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3.4.2.2. Height
At time of planting in spring 2015, mean American chestnut seedling height was
120.1 (±1.3) cm, and northern red oak was 74.8 (±0.8) cm. After two growing seasons,
mean American chestnut seedling height was 227.3 (±3.2) cm, and northern red oak
112.3 (±1.5) cm. For chestnut with repeated measures, the effect of silvicultural
treatment on seedling height was significant (Table 3.4). After two growing seasons,
clearcut and shelterwood seedlings were taller than those in the open field and uncut
control (Figure 3.4 & 3.5). Effect of fertilization treatment was significant (Table 3.4)
and after two growing seasons fertilized seedlings were significantly taller than
unfertilized (Figure 3.4 & 3.5). The interaction of silvicultural and fertilization treatments
was significant, and fertilization had a more positive effect on chestnut height in opengrown treatments, the open field and clearcut (Table 5, Figure 3.4 & 3.5). For northern
red oak with repeated measures, the effect of silvicultural treatment was significant
(Table 3.4). After 2 growing seasons, clearcut and shelterwood seedlings were taller than
open field and control (Figure 3.4 & 3.5). Fertilization and the interaction of silvicultural
and fertilization treatments also significantly increased oak seedling height (Table 3.4),
but no statistical differences between treatments were detected. For both species in the
shelterwood and uncut control treatments, fertilization conferred a slight (but not
significant) height increase for seedlings receiving 30g, but no increase at all for
seedlings receiving 60g.

3.4.2.3. RCD (root collar diameter)
At time of planting in spring 2015, mean American chestnut seedling RCD was
10.3 (±0.1) mm, and northern red oak was 7.4 (±0.1) mm. After two growing seasons,
mean American chestnut seedling RCD was 25.4 (±0.4) mm and northern red oak was
12.4 (±0.2) mm. For chestnut RCD with repeated measures, effect of silvicultural
treatment was significant (Table 3.3). After two growing seasons, clearcut and
shelterwood seedlings had greater RCD than control and open field seedlings (Figure 3.4
& 3.5). Fertilization increased chestnut RCD significantly (Table 3.3); after two growing
seasons fertilized seedlings had greater RCD than unfertilized (Figure 3.4 & 3.5).
Silvicultural-fertilization treatment interaction was significant for chestnut (Table 3.3),
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with fertilization only increasing RCD of seedlings in the open field and clearcut, as with
height (Figure 3.4 & 3.5). For northern red oak with repeated measures, silvicultural
treatment was significant (Table 3.3). After two growing seasons, clearcut and
shelterwood seedlings had greater RCD than control and open field seedlings, and open
field seedlings had greater RCD than control seedlings (Figure 3.4 & 3.5). The interaction
of silvicultural and fertilization treatments interaction was significant for oak, with
fertilization leading to increased growth of open field seedlings only (Table 3.3). As with
height, for both species there was a slight (but not significant) RCD increase for seedlings
receiving 30g fertilization in the shelterwood and uncut control treatments, but no
increase with 60g.

3.4.2.4. Height-diameter ratio.
With repeated measures for height-diameter ratio, effects of silvicultural treatment
and the interaction of silvicultural and fertilization treatment were significant for both
species (Table 3.3). For chestnut after two growing seasons, uncut control treatment
seedlings had higher ht:di than those in the other three treatments (p<0.001), and open
field seedlings had lower ht:di than those in the clearcut (p=0.034). For oak after two
growing seasons, control seedlings had higher ht:di than those in the other treatments
(clearcut p=0.002, shelterwood p=0.011, and open field p<0.001). Fertilization treatment
was not a significant effect for chestnut, but was for oak; however, after two growing
seasons there was no statistical difference among oak fertilization treatments (Table 3.3).
The interaction of silvicultural and fertilization treatments was significant with repeated
measures (Table 3.3).
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Table 3.3. Repeated measures of time for treatment effects of silvicultural (silv)
treatment, fertilization (fert) treatment, and the interaction of silvicultural and fertilization
(silv x fert) treatments.

I

Chestnut

Oak

Effect
Silv. treatmt.

Height (cm)
<0.001

RCD (mm)
<0.001

Survival (%)
<0.001

Ht:Di
<0.001

Fert. Treatmt.

<0.001

<0.001

0.111

0.199

Silv x fert

<0.001

<0.001

<0.001

0.003

Silv. treatmt.

<0.001
0.002
<0.001

<0.001
0.092
<0.001

<0.001
<0.001
0.033

<0.001
0.017
0.001

Fert. Treatmt.
Silv x fert

a)

b)

Oak survival

Chestnut survival
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Figure 3.3. Survival over 2 years ± standard error, proportion surviving. 0=no fertilizer
applied. 30=30g fertilizer applied. 60=60g fertilizer applied. A. Oak b. Chestnut.
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Figure 3.4. Height and root collar diameter (RCD) over 2 years ± standard error. 0=no
fertilizer applied. 30=30g fertilizer applied. 60=60g fertilizer applied a. Chestnut
root collar diameter. B. Chestnut height. C. Oak root collar diameter. D. Oak height.
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Figure 3.5. Height and root collar diameter (RCD) of seedlings after 2 growing seasons
(mean ± standard error). 0=no fertilizer applied. 30=30g fertilizer applied. 60=60g
fertilizer applied a. Chestnut root collar diameter. B. Chestnut height. C. Oak root
collar diameter. D. Oak height. Different letters indicate significant differences
among treatments according to Tukey’s HSD (α=0.05).

3.4.3. Leaf nutrients.
3.4.3.1. Macronutrients.
For both chestnut and oak seedlings in both years, silvicultural treatment
significantly affected leaf N concentration (Table 3.4). Open field and clearcut chestnut
leaves had significantly lower N concentration than shelterwood and control leaves
(Table 3.5). Similarly, open field oak leaves had lower N concentration than uncut
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control in 2015 and shelterwood in 2016 (Table 3.5). Fertilization treatment had a
significant effect on chestnut N concentration in 2015 (Table 3.4), and unfertilized
seedling leaves had lower N concentration than fertilized (Appendix B3). The same trend
was found for oak in 2015 though no statistical differences were detected between
treatments. Silvicultural-fertilization treatment interaction was significant for oak N
concentration in 2016 (Table 3.4). Leaf sulfur concentration had a nearly identical
response to silvicultural, fertilization, and silvicultural-fertilization treatment interaction
as leaf N concentration (Table 3.4 & 3.5, Appendix B3).
Silvicultural treatment did not significantly affect phosphorus concentration, but
fertilization treatment did, for oaks in 2016 (Table 3.4). No statistical differences were
detected between treatments, but P concentration decreased with fertilization (Appendix
3). Interaction of fertilization and silvicultural treatment was significant for oaks in 2015
(Table 3.4). Silvicultural treatment significantly affected potassium concentration in
chestnut leaves in both years and oak leaves in 2015 (Table 3.4). Chestnut leaves in the
open field treatment had lower K concentration than control leaves in both years (Table
3.5). Clearcut leaves had lower K concentration than shelterwood and uncut control
leaves for chestnuts in 2015 (Table 3.5). There were no statistical differences between
treatments for oak leaves. Neither fertilization nor silvicultural-fertilization interaction
significantly affected leaf K concentration.
Calcium concentration was affected by silvicultural treatment for chestnut in both
years and oak in 2015 (Table 3.4). No statistical differences between treatments were
detected for chestnut, but clearcut oak leaves had higher Ca concentration than uncut
control and open field (Table 3.5). There was no significant effect of fertilization, but
interaction of silvicultural and fertilization treatment was significant for oaks in 2015
(Table 3.4). Magnesium concentration was affected by silvicultural treatment for both
species in both years (Table 3.4). In all cases, leaf Mg concentration was significantly
less in the clearcut than control treatment (Table 3.5).

3.4.3.2. Micronutrients
Leaf boron concentration was significantly affected by silvicultural treatment in
both species, both years (Table 3.4). Chestnuts in both years and oak in 2016 had
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significantly higher B concentration in clearcuts than open field (Appendix B2).
Fertilization significantly affected chestnut B concentration in 2015 (Table 3.4); B
concentration decreased with fertilization though no statistical treatment differences were
detected (Appendix B4). Silvicultural-fertilization treatment interaction was significant
for oak B concentration in 2016 (Table 3.4). Iron concentration was significantly affected
by silvicultural treatment for both species, as well as fertilization treatment and
silvicultural-fertilization treatment interaction for oaks, in 2016 (Table 3.4). However, no
statistical differences between treatments were detected. Silvicultural treatment
influenced manganese concentration in both species, both years (Table 3.4). Clearcut
leaves had significantly higher Mn concentration than open field leaves and uncut control
except for chestnuts in 2015. Clearcut leaves also had higher Mn than shelterwood leaves
for both species 2016 (Appendix 2). Aluminum concentration in leaves was significantly
influenced by silvicultural treatment in oaks in 2015 and chestnuts in 2016 (Table 3.4).
Clearcut and open field oak leaves had significantly higher Al concentration than uncut
control. Al concentration appeared to decrease with fertilization, but there were no
statistical differences between treatments (Appendix B4). Copper and zinc results are
included in Table 3.4 and Appendices B2 and B4.

Table 3.4. Leaf nutrients effects. (repeated measures NA because not same leaf/tree).
Treatment effects of silvicultural (silv) treatment, fertilization (fert) treatment, and the
interaction of silvicultural and fertilization (silv* fert) treatments.

ISp

Year Effect

C.dent. 2015 Silv.
Fert.

N

P

K

Ca Mg

S

B

Fe

Mn

Cu

Zn

Al

<.001 .068 <.001 .028 <.001 <.001 <.001 .851 <.001 .828

.559 .071

<.001 .150 .700

Silv*Fert .105

.418 .787

.745 .286

.003

.141

.314 .663

.627

.791 .657

.865 .780

.760

.723

.930 .737

.700

.874 .217

2016 Silv.

.006

.190 <.001 .020 <.001 <.001 .026

.001 <.001 <.001 .814 .005

Fert.

.073

.776 .758

.464 .380

.195

.034

.324 .058

.163

.406 .216

Silv*Fert .077

.547 .991

.997 .972

.510

.680

.333 .258

.557

.245 .869

<.001 .053 <.001 .002 <.001 .048
.170 .758 .628 .365 .432 .066

.027
.516

.241 <.001 .045
.631 .909 .999

.744 .002
.746 .787

.702

.498 .474

.979

.901 .674

<.001 .961 .111

.221 <.001 <.001 <.001 .002 <.001 .173

.017 .175

.838

.012 .624

.244 .252

.078

.075

.013 .944

.577

.391 .828

Silv*Fert <.001 .264 .940

.234 .483

.039

<.001 .023 .238

.043

.518 .567

Q.rubra 2015 Silv.
Fert.

Silv*Fert .640
2016 Silv.
Fert.

.005 .342

.034 .989

.424

I
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Table 3.5. Leaf nutrient concentrations (mean ± 1 standard error). Different letters
indicate significant differences among treatments per Tukey’s HSD (α=0.05).

I Macronut.
Nitrogen
(%)

Sp.
C.dent.
Q.rubra

Phosphorus
(%)

C.dent.
Q.rubra

Potassium
(%)

C.dent.
Q.rubra

Calcium
(%)

C.dent.
Q.rubra

Magnesium
(%)

C.dent.
Q.rubra

Sulfur
(%)

C.dent.
Q.rubra

Year
2015
2016
2015
2016

Clearcut
2.15 (±.11) b
2.34 (±.11) ab
2.15 (±.07) ab
2.03 (±.08) c

Shelterwood
2.36 (±.09) a
2.36 (±.07) a
2.19 (±.05) ab
2.32 (±.04) ab

Uncut Control
2.4 (±.04) a
2.41 (±.11) a
2.35 (±.03) a
2.52 (±.07) a

Open field
I
1.85 (±.1) b
2.07 (±.06) b
1.94 (±.08) b
2.17 (±.06) bc

2015
2016
2015
2016

0.17 (±.01)
0.17 (±0)
0.14 (±.01)
0.13 (±.01)

0.17 (±.01)
0.15 (±.01)
0.14 (±.01)
0.13 (±.01)

0.15 (±.00)
0.14 (±.01)
0.14 (±.00)
0.13 (±.01)

0.14 (±.01)
0.15 (±.02)
0.12 (±.01)
0.13 (±.01)

2015
2016
2015
2016

0.61 (±.03) c
0.66 (±.02) ab
0.66 (±.02) c
0.64 (±.01)

0.65 (±.03) ab
0.65 (±.03) ab
0.73 (±.03) ab
0.65 (±.02)

0.74 (±.02) a
0.68 (±.01) a
0.82 (±.02) a
0.68 (±.01)

0.62 (±.02) bc
0.49 (±.02) b
0.68 (±.02) bc
0.63 (±.02)

2015
2016
2015
2016

0.97 (±.06)
0.53 (±.02)
0.97 (±.04) a
0.61 (±.04)

0.94 (±.06)
0.54 (±.02)
0.86 (±.03) ab
0.61 (±.02)

1.11 (±.05)
0.71 (±.04)
0.84 (±.02) b
0.7 (±.02)

0.86 (±.17)
0.68 (±.08)
0.82 (±.04) b
0.7 (±.07)

2015
2016
2015
2016

0.21 (±.01) b
0.19 (±.01) b
0.17 (±.01) b
0.11 (±.01) c

0.25 (±.01) ab
0.22 (±.01) ab
0.2 (±.01) ab
0.15 (±.01) bc

0.35 (±.02) a
0.28 (±.02) a
0.26 (±.01) a
0.23 (±.01) a

0.27 (±.02) ab
0.27 (±.02) ab
0.21 (±.02) ab
0.17 (±.02) b

2015
2016
2015
2016

0.14 (±0) ab
0.17 (±.01) a
0.15 (±.01) ab
0.13 (±.00)

0.14 (±.01) a
0.17 (±.01) a
0.16 (±.01) ab
0.15 (±.00)

0.14 (±.00) a
0.16 (±.01) ab
0.15 (±.00) a
0.15 (±.01)

0.13 (±.01) b
0.14 (±.01) b
0.12 (±.01) b
0.14 (±.00)

3.4.4. Fertilizer release rate
The rate of fertilizer release was tracked every other month and recorded for 12
months (Figure 3.6). At the final sampling, 24% of the fertilizer remained by weight.
Rate of loss was highest at 38% loss in weight between September and November 2015.
Silvicultural treatment was significant with repeated measures analysis (p<0.001), and
open field fertilizer rings had significantly higher remaining grams of fertilizer than
clearcut (p=0.01).
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Figure 3.6. Controlled release fertilizer release over one year ± standard error, in grams.

3.5. Discussion
3.5.1. Seedling response to silvicultural treatments
Similar to results in Chapter 2, both American chestnut and northern red oak
height and RCD responded best in the clearcut and shelterwood silvicultural treatments.
Chestnut clearcut and shelterwood seedlings grew about 150 cm taller and 19 mm RCD,
and oak clearcut and shelterwood seedlings grew 50 cm taller and 6 mm RCD in two
growing seasons. We originally hypothesized that seedling would grow better in the
shelterwood than clearcut. However, light availability is often the most important
determinant of plant growth, as plants depend on light to photosynthesize. Once plants
reach a point of light saturation, as determined by their shade tolerance, growth ceases.
Thus, the trees in this study must have reached that point in the shelterwood light level
(Kaelke et al. 2001). Additionally, all blocks were weeded beginning with the first
growing season in this study, indicating that herbaceous competition did not compete
with planted seedlings as vigorously in the clearcut as would have occurred if left
untreated (Sage 1987). Height-diameter ratio, or sturdiness ratio, was generally higher in
the uncut control and open field treatment seedlings, which suggests that these seedlings
would be more susceptible to wind, frost, and drought damage (Grossnickle 2012).
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Both species had higher survival than expected (>86%), although survival in the
open field treatment was much lower than the other treatments. This was associated with
occurrences of flooding and ambrosia beetle outbreak in this treatment.
Leaves in shaded environments have been found to allocate a greater proportion
of leaf N concentration to chlorophyll (Kubiske and Pregitzer 1996, Pallardy 2008). As
chestnut shelterwood and uncut control leaves and oak shelterwood leaves had
significantly greater N concentration than open field for both species and clearcut leaves
for chestnut, the results of this study mostly support the previous statement (Table 3.5).
The same results as N were found for S, which has similar chemical characteristics and
modes of uptake into the plant as N (Hawkesford et al. 2012). Leaf K concentration was
significantly affected by silvicultural treatment; leaves in the uncut control treatment had
lower K concentration than leaves in the open field. Leaf Mg concentration was greater in
clearcut than uncut control. Mg, B, and Mn leaf concentrations were both significantly
higher in the clearcut than open field.

3.5.2. Seedling response to fertilization treatments
Seedlings of both species responded to fertilization with increased height and
RCD, with the exception of oak RCD. There was a significant interaction between
silvicultural treatment and fertilization for both species’ height and RCD. While seedlings
in the clearcut and open field treatments responded best to 60g of CRF fertilization,
seedlings in the shelterwood and uncut control treatments did not exhibit a significant
response to fertilization. Thus, effectiveness of fertilization was influenced by canopy
cover, which may have been associated with the microenvironment of open vs. forested
areas. Soils in the clearcut and open field with no canopy had significantly higher soil
moisture than those in the shelterwood and control with canopy present (Table 3.1). They
were almost certainly exposed to higher temperatures as well; soil surface temperatures
are much greater in open than partially shaded sites (USFS 1935). CRF release rate
depends on time, temperature, and moisture (Lamont et al. 1987; Hicklenton and Cairns
1992). Fertilizer may have leached more in the open field and clearcut plots due to
greater soil moisture, thereby releasing more nutrients to seedlings.
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Leaf nutrient concentrations did not reveal an effect of fertilization except in a
few instances, which was not expected. The only significant effects of fertilization were
for N and S concentrations, and a negative effect was observed for P and B leaf
concentrations. As only N, P, and K were added, only N concentration results seem to be
logical. These effects were only significant for chestnut in one year. Rieske et al. (2003)
also recorded higher N in fertilized chestnut seedlings. The lack of effect of fertilization
on leaf nutrient concentrations can be attributed to physiological factors. Though
fertilization did not affect nutrient concentrations much, observed nutrient concentrations
were within the normal range reported for oak (1.12-2.24%) and chestnut (1.5-2%)
(Erdmann et al. 1975, Rhoades et al. 2009), and seedling growth response did show a
positive effect of fertilization. In one study, Chang found that leaf area changes rather
than nutrient concentration explained 90% of growth response to N and P application
(2003). However, as neither leaf area nor leaf nutrient content was measured in this
study, we cannot say whether that is what happened.
CRF was released at a relatively constant rate during the growing season. The
reduced rate of release in winter was due to frozen soil as similarly reported by Jacobs et
al. 2005; fertilizer release decreases with temperature and moisture. The fertilizer release
rate open field rings had higher remaining grams than clearcut. This contradicts the
results discussed above; however, the rates of release between the silvicultural treatments
were still quite similar (Figure 3.6).

3.5.3. Seedling species comparison
Although we analyzed species separately, which precludes statistical comparison
between species, chestnut seedling height and RCD increased about three times as
quickly as oak. This corroborates results from past studies (Griscom and Griscom 2012,
Belair et al. 2014, Brown et al. 2014; Chapter 2).
Chestnut’s dominance can be explained in part by its growth strategy. Much like
tulip poplar and red maple, it invests >70% biomass in aboveground growth (Latham
1992, Groninger et al. 1996), preferentially allocating biomass to shoot growth to
decrease the likelihood of being overtopped (Oliver and Larson 1996). In contrast, oak
and hickory dedicate more biomass to belowground root growth (Johnson et al. 2002).
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This helps them can survive until disturbance creates an opportunity to grow and attain a
canopy position disturbance creates an opportunity to grow and attain a canopy position,
at least in dry woodland forests where canopy is more open (Johnson et al. 2009). Initial
seedling size difference also helps to explain the difference in species growth; chestnut
seedlings were much larger at planting than oak seedlings. Large seedlings are usually
more robust and to resistant transplant shock than small seedlings (Dey et al. 2008).

3.5.4. Soils comparison and response
pH ranged from 4.3-5.0, and that acidity increased exchangeable Al in the soil
(Horneck et al. 2011). Low K and low Ca base saturation percentages helped to explain
the low pH across treatments (Appendix B5). Soils in this study ranged from 70-125
ppm K, and the normal range for K is 100-130 ppm for the total exchange capacity of
soils found in this study (Table 3.2, LaBarge and Lindsey 2012). However, low K in
forest soils usually still allows adequate growth for most trees (Pritchett and Fisher 1987).
A typical cation saturation range for Ca is 40-80%, and the observed range was 15-45%
saturation (LaBarge and Lindsey 2012; Appendix B5). Low fertility in conifer-forested
areas might have negatively affected many hardwood species, but likely did not reduce
growth of oak and chestnut because of their adaptation to poorer acidic soil (Griffin 1992,
Johnson et al. 2009, Wang et al. 2013). Neither species appeared to be inhibited by the
pine plantation’s acidic soils; rather, they performed better there than in the open field.
In this study, conifer soil chemical characteristics were not very different from
open field soils (except in the Cunningham open field site). pH and K were significantly
higher and S was significantly lower in open field soils, but this may not have affected
seedling growth much. The similarity of soils between forest and open field treatments
was probably due to high buffering capacity, which is conferred by pH and soil cations
and determines the degree to which conifers alter the soil environment. Silt loams such as
those in this study have high buffering capacity and therefore resist changes in pH,
reducing the impact of acids released from pine roots and litter (Brady and Weil 2000).
While some studies reported a strong effect of conifers on soil fertility (Brand et al. 1986,
Duffy 2014), others found few differences between pine forest and old-field soils (Rolfe
and Boggess 1973). Variable results across studies are probably due to variation in soil
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material which confers buffering capacity. Bedrock-derived soils have low buffering
capacity while glacial soils have higher buffering capacity, and as soils in this study were
glacial-derived, they had higher buffering capacity and therefore pines had less of an
effect on soil fertility (France et al. 1989, Hizal et al. 2013).
There was very little link between soil and leaf nutrients as expected for
silvicultural treatment. The only parameters following a similar trend for both soil and
leaves were Mn and B, which are not often implicated in plant health deficiencies. Again,
this could be related to lack of deficiency of nutrients; the seedlings only took up as much
of each nutrient as needed.
The clearcut and open field treatments had similar soil moisture, response to
fertilizer, and leaf N and K concentrations. However, clearcut seedlings had much higher
survival, height, RCD, and leaf nutrient concentrations. As soils were one of the only
differences between clearcut and open field, it is possible seedlings preferred acidic
conifer-influenced soils because of evolutionary adaptation. However, there were few
differences between the conifer and non-conifer open field soils, which is normal in
highly buffered soils (Rolfe and Boggess 1993). Flooding in the Cunningham open field
and ambrosia beetle in the Martell open field treatments both reduced survival and kept
seedlings from reaching their full growth potential, and this is more likely the cause for
open field seedling’s poor performance.
3.5.5. Conclusions and management implications
The characteristics of a pine plantation were well-matched for optimal
regeneration of chestnut and northern red oak. Chestnut, oak, and pine have similar site
preferences and are associates in multiple Eastern US ecosystems (Aughanbaugh 1934,
Crow 1988). These non-native pine plantations in the Midwest are unsustainable and not
profitable. They are destined to be replaced by natural regeneration of less valuable trees
or invasive species unless the opportunity to replace them with native hardwood species
such as oaks and chestnut is capitalized on. A key problem for the reintroduction of
American chestnut is to identify optimal reintroduction habitats (Jacobs et al. 2013). Oak
regeneration is more easily accomplished in pine stands than most other forest types
(Hartman et al. 2005). Comparison of seedling performance in conifer and non-conifer-
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forested treatments in this study supports this premise. Therefore, pine plantation
conversion represents a potential target site type for restoration of northern red oak and
chestnut.
Results from this study indicate that a shelterwood or clearcut treatment provides
the most effective option for conversion of conifer plantations to oak or chestnut. A
shelterwood will require less weed control compared to a clearcut. Differences in shade
tolerance between the two species suggest that chestnut would perform marginally better
in a shelterwood, while oak may be slightly better adapted to regeneration in a clearcut
(Latham 1992, Belair et al. 2014). Fertilization led to an increase in seedling height and
RCD, suggesting that fertilization for at least one growing season provides an effective
tool to promote early regeneration success. Fertilization provides a sustained advantage to
seedlings by allowing them to escape the deer browse line sooner. Results indicate
variation among silvicultural cutting treatments (i.e., fertilization did not benefit
seedlings in forested sites, and 60g was the best option in open areas, perhaps due to
variation in soil moisture). Though more expensive, fertilizing for more than one growing
season adds further height and RCD benefits (Nilsen and Abrahamsen 2003). Survival of
seedlings in this study was high. Seedlings in this study were larger at planting than in
most related studies, (Kaelke et al. 2001, McNab et al. 2003, Rhoades et al. 2009), which
frequently contributes toward survival and success of artificial regeneration establishment
for hardwoods (Dey et al. 2008).
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CHAPTER 4. CONCLUSIONS

4.1. Introduction
Successful conifer plantation conversion to native hardwoods is the goal of this
study, and this includes several variables. It was important to determine which hardwood
species would be suitable replacements for pine when underplanted in the understory.
The species chosen for their restoration value were American chestnut and northern red
oak. Their performance was measured through environmental variables such as soils and
species traits such as rates of growth and photosynthesis. Relative resource availability
was manipulated with overstory and understory treatments including cuttings, weeding,
and fertilization, and this also heavily impacted seedling success during conversion. The
interactions of species and the overstory and understory treatments also helped to
determine situational appropriateness for species choice and management activities.

4.2. Synthesis of results
In the first experiment, oak performed best in the clearcut and chestnut in the
shelterwood treatment after three growing seasons. This reflects variation in shade
tolerance of the two species; chestnut exhibits intermediate to high shade tolerance while
northern red oak is less shade tolerant (Wang et al. 2006, Johnson et al. 2009). Both
species demonstrated highest photosynthesis in the clearcut, due to high light intensity
application at measurement. Chestnut seedlings had significantly higher RCD in weeded
clearcut and shelterwood plots, and oak had significantly higher RCD in weeded clearcut
plots. Weeding in the uncut control plots did not produce an effect because shade limited
the degree of weed competition.
In the second experiment, chestnut and oak seedlings both had significantly
greater height and RCD after two growing seasons in the clearcut and shelterwood than
uncut control and open field. Fertilization increased seedling growth more in the clearcut
and open field than uncut shelterwood and uncut control, probably due to higher light and
water availability. Open field seedling survival and leaf nutrient concentration were less
than the other treatments, likely associated with occurrence of flooding and incidence of
ambrosia beetle, rather than soil effects. Soils were not very different between open field
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and pine-forested treatments, except for significantly higher pH, potassium, and sulfur in
the open field likely due to the high buffering capacity of soils conferred by soil pH and
cation concentrations.
In both experiments, soil results indicated an acidic pH and low levels of some
cations. Though the soils of current or former conifer plantation sites in this study have
low pH and base saturation, oaks and chestnuts are adapted to these conditions (Griffin
1992, Johnson et al. 2009, Wang et al. 2013). Oak competes better in pine forests than in
oak forests in the northeast United States, and a successional or cyclical trajectory
between oak and pine has been observed in forests (Crow 1988, Hartman et al. 2005).
Chestnut height and RCD were double to triple that of oak, and in the first experiment
chestnut leaf N content increased with light availability while oak did not. These results
can be explained by different adaptive strategies in biomass allocation between the two
species; oak tends to allocate resources proportionally more toward root growth and
chestnut toward aboveground growth (Wang et al. 2006, Johnson et al. 2009). Disparate
initial planting stock size between the two species also played a role in the second
experiment.

4.3. Management recommendations
Based on the results of this study, a shelterwood system is recommended for pine
forest plantation conversion. Oaks are well-documented as responding positively to
shelterwood systems in comparison to other systems (Johnson et al. 2009). Shelterwoods,
or any ‘underplanting-and-release’ systems, have also been identified as ideal for
chestnut reestablishment because chestnut responds to release extremely well and is
somewhat shade-tolerant (Wang et al. 2006). Weeding, whether by herbicide or
manually, is also recommended after any cutting treatment in the eastern United States as
it is very important for the success of underplanted seedlings. Weeding is especially
important in the first growing season after underplanting because transplant stress makes
seedlings less competitive. In this study, we used manual vegetation control rather than
herbicide, but depending on objectives, herbicide could be a cheaper alternative in terms
of money and labor. Fertilization is also recommended if open areas are to be planted.
CRF decreases incidence of salt toxicity to roots, reduces nutrient leaching, and
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consistently provides nutrients trees over a longer period (Jacobs and Timmer 2005,
Jacobs et al. 2005).
Deer fencing, though expensive, was key to the success of this study. In a
concurrent study in which northern red oak and American chestnut were planted at
Martell forest, deer browsed nearly 100% of seedlings (Freeman 2015). Deer fencing in
this study did tend to begin to develop holes in the third growing season of this study, but
on the few occasions deer entered the fenced area most seedlings were above the browse
line and deer only browsed lateral branches, causing no reduction in the seedlings’
vertical growth.
Dense pine plantations are frequently damaged by windstorms, so some
plantations may already be at a low basal area. At least 20% of full PAR in the understory
is needed for most oaks to survive and grow (Johnson et al. 2009). Therefore, less
overstory management is necessary in pine plantations with low stocking. A windstorm
after seedlings are underplanted can also be beneficial and reduce cost associated with a
shelterwood harvest. For example, in the third year of this study, a high number of pines
fell when high basal area was compounded with soil drying and windstorms.
Conifer plantation conversion studies such as this are relevant to other areas of the
world. For example, in Europe about 1.6 billion hectares of Norway spruce plantations
are planted outside of their native range, with many of the same issues as American pine
plantations such as instability and soil acidification. Oak and beech are often naturally or
artificially regenerated to replace Norway spruce plantations (Spiecker 2004).

4.4. Future directions
First, continuing the study for a longer time would be help to clarify and further
understand results. Even though seedling growth is critical to establishment success,
growth rate, biomass allocation, and microenvironment can vary over a tree’s lifespan
(Cavender-Bares and Bazzaz 2000). Also, chestnut blight attacks seedlings once they
reach reproductive maturity (Wang et al. 2006). Therefore, a long-term study would help
to determine the extent of chestnut hybrid resistance to blight.
Growth results from the second experiment were somewhat obscured due to
external disturbance factors. Therefore, one could repeat the study, especially with the
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open field area. A controlled trial comparing conifer and hardwood soils would help to
further pinpoint the specific physical and chemical effect of soils on seedling growth.
Exogenous disturbance factors including insect damage, voles, and flooding played an
important role in this study, and these would be eliminated in a greenhouse experiment.
Additional destructive sampling to measure root-to-shoot ratio and total tree biomass
could also be used to provide a more detailed comparison on oak and chestnut biomass
allocation and growth patterns.
In converting conifer plantations, examining the growth of other tree species
could be informative. Comparing the growth of more xeric-adapted seedlings such as oak
and chestnut to species less adapted to pine forest conditions would discern whether
reforestation of mesic species in these systems would be as successful. For example, ash
species are currently undergoing demise by the emerald ash borer (Agrilus planipennis).
If hybrid or transgenic ash able to resist emerald ash borer are developed, pine plantation
sites could offer a restoration opportunity as with oaks and American chestnut.
Finally, cost analysis would be informative toward management decisions in
converting conifer plantations. Comparing the costs of management activities used and
their respective effects on seedling growth would help land managers to choose which
treatments they can afford to implement. Notably my results in these experiments were
dependent on use of fencing to protect seedlings from deer browse; fencing has been
shown to have a large impact on oak and chestnut survival and growth (Owings et al.
2017) despite the added cost. To reduce costs, other management practices such as
prescribed burning could be used. Controlled burning is cost-effective, clears understory
vegetation, and favors oak over less fire-resistant species. Though burning will probably
not clear overstory pines, it could potentially be substituted for weeding and fertilization.
Chestnut’s tolerance of burning is not well understood, but seedlings responded relatively
well to low intensity burning in one recent trial (McCament and McCarthy 2005), and
fire has been attributed to pre-blight dominance (Foster et al. 2002). Geometric or gap
thinning should be tested as possible viable options as well, as they are less expensive
and achieve similar results to shelterwoods.
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APPENDIX A. EXPERIMENT 1

Appendix A1. Micronutrients ± standard error. Included micronutrients were calcium
(Ca), magnesium (Mg), iron (Fe), copper (Cu), zinc (Zn), and aluminum (Al). Different
letters indicate significant differences among treatments per Tukey’s HSD (α=0.05).
Manganese, sodium, and boron were also measured but not included due to lack of
significance.

IMicros.

Year

Clear cut

Shelterwood

Uncut Control

Ca (ppm)

2014
2015
2016

508.4 (±70.18) a
513.56 (±51.95)
418.11 (±27.53) a

313.6 (±22.65) b
377.33 (±25.08)
272.83 (±15.81) b

362.73 (±36.36) ab
472.22 (±47.09)
343.72 (±29.05) b

Mg (ppm)

2014
2015
2016

100.07 (±16.39) a
90.44 (±16.47)
75.06 (±8.11) a

54.6 (±5.17) b
58 (±4.6)
48.56 (±3.37) b

68.4 (±5.17) ab
86.22 (±10.3)
65.72 (±5.7) ab

Fe (ppm)

2014
2015
2016

192.2 (±8.91)
192.33 (±17.92)
220.33 (±19.82) a

184.13 (±5.56)
168.56 (±6.79)
154.72 (±4.79) b

191.93 (±6.92)
169.56 (±4.51)
156.11 (±5.08) b

Cu (ppm)

2014
2015
2016

3.66 (±1.53) a
1.77 (±.12) a
2.63 (±.44) a

1.33 (±.08) b
1.43 (±.15) b
1.3 (±.13) b

1.54 (±.15) b
1.6 (±.1) ab
1.72 (±.19) ab

Zn (ppm)

2014
2015
2016

2.04 (±.24)
1.97 (±.31)
2.44 (±.45) a

1.53 (±.12)
1.53 (±.13)
1.28 (±.09) b

1.72 (±.13)
1.8 (±.24)
1.7 (±.2) ab

Al (ppm)

2014
2015
2016

668.47 (±18.5)
831.44 (±8.55) b
808.61 (±12.48)

653.73 (±13.05)
905.33 (±20.97) a
810.89 (±15.58)

656.2 (±19.65)
884.78 (±27.35) ab
824.22 (±21.95)

I

Appendix A2. Vegetation height ± standard error. Within each silvicultural treatment
plot (clear cut, shelterwood stage 1, or uncut control), height of competition in weeded
and unweeded subplots was measured, in 2015 and 2016. In 2016, height of fifth tallest
plant was also measured to eliminate outliers.

I

Veg. height
(cm)

Clear cut

I

2015 max

Weeded
61.4 (±2.2)

Unweeded Weeded
156.3 (±5.7) 52.5 (±2.6)

Unweeded
166.7(±8.2)

Weeded
63.6 (±4.9)

Unweeded
102.7 (±3.7)

2016 max

104.4 (±7.8)

239.6 (±5.8)

79.3 (±5.7)

225.7 (±8.7)

55.5 (±4.7)

159.2 (±6.4)

34.5 (±1.0)

166.2 (±3.2)

29.3 (±0.9)

114.3 (±2.0)

20.9 (±0.7)

111.8 (±4.5)

2016 5
tallest

th

Shelterwood

Uncut control

I
I
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Appendix A3. When PAR was considered a main effect in 2016 for gas exchange. *=sqrt
transformation used.

I 2016
Chestnut

Oak

Effect
Light

A
<0.001*

g
<0.001

E
<0.001

Weed ctl

0.896

0.543

0.779

PAR
LxW

<0.001
<0.001

0.011
<0.001

<0.001
<0.001

Light
Weed ctl
PAR
LxW

<0.001
0.104
<0.001
0.560

<0.001
0.258
0.123
0.135

<0.001
0.121
<0.001
0.325
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Appendix A4. Phtoosynthesis 2016 ± standard error. a. Chestnut photosynthesis,
silvicultural and weeding treatments. b. Oak photosynthesis, silvicultural treatment.
c. Oak photosynthesis, weeding treatment. Different letters indicate significant
differences among treatments per Tukey’s HSD (α=0.05).
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Appendix A5. Base saturation of soils ± standard error. Different letters indicate the few
significant differences found among treatments per Tukey’s HSD (α=0.05). *=log
transformation was used.
Year
Clear cut
Shelterwood
Uncut control
I Base
I
Calcium (%)
2014
25.03 (±2.32)
24.64 (±2.63)
21.35 (±.75)
2015
25.03 (±.59)
24.68 (±.85)
26.67 (±.59)
2016
22.28 (±.49)
20.83 (±.54)
22.14 (±.77)
Magnesium (%)
2014
7.73 (±.78)
7.23 (±1.0)
6.85 (±.21)
2015
7.18 (±.93)
6.39 (±.47)
8.05 (±.64)
2016
6.43 (±.39)
6.17 (±.26)
7.11 (±.37)
Potassium (%)
2014
2.32 (±.23)
2.64 (±.28)
2.13 (±.19)
2015
2.52 (±.44)
2.52 (±.41)
2.52 (±.44)
2016
2.0 (±.17)
2.46 (±.22)
2.56 (±.25)
Sodium (%)
2014
0.78 (±.09) b
1.05 (±.08) a
0.84 (±.06) ab
2015*
0.77 (±.04) b
1.54 (±.46) a
0.82 (±.07) b
2016
0.94 (±.1) b
1.26 (±.09) a
1.0 (±.07) ab
Other bases (%)
2014
8.53 (±.26)
8.57 (±.29)
8.89 (±.08)
2015
8.56 (±.21)
8.53 (±.11)
8.27 (±.08)
2016
8.86 (±.07)
8.93 (±.06)
8.74 (±.08)
Hydrogen (%)
2014
55.6 (±2.89)
55.87 (±3.54)
59.93 (±.75)
2015
56.56 (±2.13)
56.33 (±1.11)
53.67 (±.82)
2016
59.5 (±.69)
60.33 (±.65)
58.44 (±.82)

Appendix A6. Leaf nitrogen concentration and content ± standard error. Different letters
indicate the significant differences found among treatments per Tukey’s HSD (α=0.05).

I
Leaf N
concentration
(%)

Species
C.dentata

Year
2014

Clear cut
1.79 (±.09) b

Shelterwood
2.33 (±.08) a

Uncut control
2.41 (±.09) a

Q.rubra

2015
2016
2014
2015
2016

2.23 (±.11) b
2.3 (±.08)
2.12 (±.07) b
2.04 (±.06) b
2.19 (±.06)

2.59 (±.08) a
2.51 (±.06)
2.49 (±.07) a
2.24 (±.07) ab
2.14 (±.05)

2.52 (±.07) a
2.54 (±.1)
2.41 (±.06) a
2.45 (±.08) a
2.2 (±.06)

2015
2016
2015
2016

15.92 (±1.81)
15.82 (±1.43) a
10.14 (±.9)
15.95 (±1.16)

13.98 (±1.15)
18.41 (±1.17) a
11.45 (±.8)
16 (±1.06)

9.91 (±1.05)
10.08 (±1.26) b
10.1 (±1.5)
16.18 (±1.52)

Leaf N content C.dentata
(mg N/leaf)
Q.rubra

I
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Appendix A7. Percent vegetation cover 2015 and 2016.

Vegetation Cover
80
Type .of.cover
■ Fems
■ Forbs
■ Grass
■ Sedge
■ v,nes

60

Woody

20

0

Clear cut Shelterwood :ontrol

Silv. treatment

Appendix A8. Eastern white pine plantation with midstory removed.
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Appendix A9. Removal of pines in clear cut treatment.

Appendix A10. Herbaceous control treatment: weeding has been done on right side of
photograph.
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Appendix A11. Chestnut seedling two years after planting.

106
Appendix A12. Intermixed oak and chestnut seedlings in the pine plantation understory
two years after planting.

107
Appendix A13. Measurement of PAR.

108
Appendix A14. View of the three silvicultural treatments. The control treatment is in the
foreground, clear cut in the middle, and shelterwood the farthest from the viewer.

109

APPENDIX B. EXPERIMENT 2

Appendix B1. Soil micronutrients ± standard error. Different letters indicate significant
differences among treatments per Tukey’s HSD (α=0.05)

I

Micro.
Ca
(ppm)

Year
2015
2016

Clear cut

Shelterwood

Control

Open field

399.1 (±25.0) b
307.1 (±16.8) b

495.7 (±38.8) b
459.2 (±20.6) b

637.7 (±51.4) b
577.8 (±38.4) b

1348.1 (±369.4) a
1353.7 (±304.6) a

52.9 (±3.6) b
45.2 (±2.9) c

75.6 (±7.3) b
76.3 (±4.0) bc

119.1 (±11.8) b
117.3 (±10.8) ab

237.1 (±65.0) a
239.9 (±54.3) a

Mg
(ppm)

2015

Na

19.08 (±.58)

17.75 (±.74)

17.67 (±.59)

17.92 (±.76)

(ppm)

2015
2016

20.44 (±1.58)

24.39 (±3.15)

25.11 (±3.50)

23.72 (±2.83)

Soluble S
(ppm)

2015
2016

16 (±.44) b
14 (±.36) b

14.25 (±.92) b
14 (±.69) b

13.92 (±.83) ab
12.28 (±.64) ab

11.92 (±.29) a
11.28 (±46) a

Fe
(ppm)

2015
2016

215.7 (±19.1) a
205.9 (±14.1) a

154.3 (±6.9) b
160.9 (±4.8) b

165.5 (±9.6) b
144.4 (±4.6) b

165.6 (±8.5) b
166.7 (±5.5) ab

Mn
(ppm)

2015
2016

150.7 (±11.0) a
145.7 (±7.5) a

137.3 (±7.7) ab
114.1 (±3.6) ab

102.8 (±10.2) b
70.9 (±4.2) c

97.1 (±20.4) b
93.17 (±14.6) bc

Cu
(ppm)

2015

2.42 (±.2)
4.55 (±.95)

2.02 (±.29)
2.11 (±.3)

2.58 (±.78)
2.03 (±.43)

5.59 (±1.78)
4.75 (±1.17)

Zn

2.34 (±.18)

1.8 (±.16)

1.74 (±.23)

2.37 (±.4)

(ppm)

2015
2016

2.69 (±.27)

2.02 (±.2)

1.69 (±.18)

2.68 (±.38)

Al
(ppm)

2015
2016

871.1 (±12.8) a
775.2 (±12.4) ab

896.8 (±16.9) a
817.3 (±18.3) a

924.3 (±17.7) a
826.7 (±21.1) ab

781.3 (±34.0) b
719.1 (±17.6) b

2016

2016
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Appendix B2. Leaf nutrient concentrations ± standard error. Different letters indicate
significant differences among treatments per Tukey’s HSD (α=0.05).
Year Clear cut
Shelterwood
Uncut Control Open field
IMicronutr. Sp.
Boron
(ppm)

C.dent. 2015
2016
Q.rubra 2015
2016

71.3 (±4.2) a
88.8 (±7.6) a
31.1 (±2.6)
50.0 (±4.9) a

59.1 (±4.4) a
85.0 (±8.5) ab
28.8 (±1.9)
44.1 (±5.5) a

55.8 (±2.4) ab
75.1 (±7.0) ab
29.0 (±1.7)
36.6 (±4.3) a

41.9 (±5.3) b
62.3 (±4.2) b
22.1 (±2.2)
30.0 (±3.3) b

Iron
(ppm)

C.dent. 2015
2016
Q.rubra 2015
2016

72.3 (±9.3)
55.5 (±2.9)
100.7 (±11.8)
63.6 (±4.4)

62.1 (±3.6)
55.7 (±2.5)
81.7 (±11.0)
89.3 (±13.1)

66.5 (±1.9)
61.1 (±1.5)
78.2 (±5.2)
75.1 (±6.8)

75.9 (±15.9)
46.4 (±3.6)
80.3 (±6.7)
61.6 (±6.1)

Manganese
(ppm)

C.dent. 2015
2016
Q.rubra 2015
2016

7053 (±1121) a
4431 (±695) a
6229 (±721) a
6254 (±662) a

5576 (±898) ab
3359 (±234) b
4161 (±639) ab
4686 (±397) b

3764 (±917) ab
3108 (±368) b
3006 (±306) b
2888 (±223) b

2483 (±343) b
1837 (±236) b
2490 (±242) b
2282 (±445) b

Copper
(ppm)

C.dent. 2015
2016
Q.rubra 2015
2016

5.06 (±.33)
7.86 (±.69) a
4.33 (±.33)
4.58 (±.18)

5.1 (±.3)
7.4 (±.41) a
4.7 (±.23)
4.69 (±.28)

5.54 (±.3)
5.79 (±.5) ab
5.3 (±.23)
4.99 (±.25)

5.1 (±.65)
4.8 (±.34) b
4.06 (±.36)
4.33 (±.2)

Zinc
(ppm)

C.dent. 2015
2016
Q.rubra 2015
2016

29.09 (±1.71)
27.54 (±1.84)
31.62 (±1.97)
27.32 (±2.14)

34.6 (±2.74)
26.57 (±1.48)
31.31 (±1.33)
34. 13 (±1.66)

30.54 (±2.2)
28.92 (±.9)
32.73 (±.9)
28.76 (±1.43)

31.27 (±3.37)
27.28 (±2.56)
29.92 (±2.69)
28.37 (±2.13)

Aluminum
(ppm)

C.dent. 2015
2016
Q.rubra 2015
2016

79.8 (±5.6)
76.0 (±12.8)
79.8 (±5.6) a
44.6 (±5.4)

59.0 (±2.5)
75.7 (±5.2)
59.0 (±2.5) ab
55.9 (±2.3)

54.3 (±2.9)
132.7 (±14.6)
54.3 (±2.94) b
54.7 (±4.2)

73.0 (±10.4)
78.3 (±16.7)
73.0 (±10.4) a
44.7 (±6.1)
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Appendix B3. Leaf macronutrients ± standard error. Different letters indicate significant
differences among treatments per Tukey’s HSD (α=0.05).

I Macronutrient

Species

Year

0g

30g

60g

Nitrogen (%)

C.dent.

2015
2016
2015
2016

1.97 (±.12) b
2.25 (±.01)
2.08 (±.09)
2.25 (±.06)

2.27 (±.07) a
2.22 (±.07)
2.18 (±.06)
2.28 (±.06)

2.33 (±.08) a
2.42 (±.08)
2.22 (±.05)
2.25 (±.1)

2015
2016
2015
2016

0.17 (±.01)
0.16 (±.01)
0.14 (±.01)
0.14 (±.01)

0.15 (±.01)
0.15 (±.01)
0.13 (±.00)
0.13 (±.01)

0.15 (±.01)
0.15 (±.01)
0.14 (±.00)
0.12 (±.01)

2015
2016
2015
2016

0.66 (±.02)
0.61 (±.03)
0.72 (±.03)
0.64 (±.02)

0.64 (±.03)
0.63 (±.03)
0.71 (±.02)
0.66 (±.01)

0.66 (±.03)
0.62 (±.02)
0.73 (±.02)
0.65 (±.02)

2015
2016
2015
2016

0.98 (±.05)
0.63 (±.03)
0.89 (±.05)
0.68 (±.03)

0.94 (±.05)
0.57 (±.04)
0.84 (±.02)
0.68 (±.04)

0.99 (±.06)
0.64 (±.06)
0.89 (±.03)
0.61 (±.04)

2015
2016
2015
2016

0.27 (±.02)
0.23 (±.02)
0.22 (±.02)
0.18 (±.02)

0.26 (±.02)
0.24 (±.01)
0.2 (±.01)
0.16 (±.01)

0.29 (±.02)
0.26 (±.02)
0.21 (±.01)
0.15 (±.01)

2015
2016
2015
2016

0.13 (±.01) b
0.15 (±.01)
0.13 (±.01)
0.14 (±.00)

0.15 (±.01) ab
0.16 (±.00)
0.14 (±.00)
0.14 (±.00)

0.16 (±.01) a
0.17 (±.00)
0.14 (±.00)
0.15 (±.00)

Q.rubra
Phosphorus (%)

C.dent.
Q.rubra

Potassium (%)

C.dent.
Q.rubra

Calcium (%)

C.dent.
Q.rubra

Magnesium (%)

C.dent.
Q.rubra

Sulfur (%)

C.dent.
Q.rubra
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Appendix B4. Leaf micronutrients ± standard error. Different letters indicate significant
differences among treatments per Tukey’s HSD (α=0.05).

I Micronutrient

Species

Year

0g

30g

60g

Boron (ppm)

C.dent.

2015
2016
2015
2016

62.61 (±5.61)
88.78 (±8.36)
29.58 (±2.23)
43.55 (±4.39)

52.52 (±3.6)
77.17 (±4.88)
26.82 (±1.52)
42.23 (±3.61)

55.89 (±4.38)
67.38 (±4.58)
26.87 (±2.32)
34.73 (±4.94)

2015
2016
2015
2016

81 (±13.01)
57.2 (±2.97)
82.69 (±8.08)
68.78 (±4.64)

61.33 (±2.43)
52.32 (±2.17)
91.17 (±10.8)
64.28 (±4.54)

65.27 (±2.53)
54.52 (±3.02)
81.75 (±4.11)
84.09 (±11.02)

2015
2016
2015
2016

5217 (±1112)
3791 (±613)
4108 (±625)
3918 (±774)

4441 (±625)
2642 (±294)
3850 (±472)
4093 (±457)

4500 (±891)
3119 (±326)
3956 (±731)
4071 (±561)

2015
2016
2015
2016

4.95 (±.51)
5.87 (.±.59)
4.6 (±.33)
4.67 (±.23)

5.17 (±.29)
6.85 (±.65)
4.6 (±.26)
4.77 (±.2)

5.46 (±.21)
6.67 (±.38)
4.59 (±.27)
4.5 (±.19)

2015
2016
2015
2016

31.9 (±3.26)
26.41 (±1.45)
30.45 (±1.52)
31 (±1.51)

30.02 (±1.8)
27.13 (±.96)
31.68 (±1.39)
29.71 (±1.58)

32.2 (±1.24)
29.19 (±1.97)
32.07 (±1.83)
28.23 (±2.09)

2015
2016
2015
2016

135.8 (±19.6)
107.4 (±16.4)
69.0 (±7.8)
52.0 (±4.8)

123.3 (±19.1)
81.2 (±9.4)
64.6 (±5.9)
49.1 (±3.6)

115.7 (±14.3)
83.3 (±11.7)
66.0 (±4.1)
48.8 (±4.4)

Q.rubra
Iron (ppm)

C.dent.
Q.rubra

Manganese (ppm)

C.dent.
Q.rubra

Copper (ppm)

C.dent.
Q.rubra

Zinc (ppm)

C.dent.
Q.rubra

Aluminum (ppm)

C.dent.
Q.rubra

Appendix B5. Base saturation of soils ± standard error. Different letters indicate
significant differences among treatments per Tukey’s HSD (α=0.05). *=log or sqrt
transformation used
Year Clear cut
Shelterwood Uncut control Open field
I Base
Calcium
(%)
Magnesium
(%)
Potassium
(%)
Sodium*
(%)
Other bases
(%)
Hydrogen

2015
2016
2015
2016
2015
2016
2015
2016
2015
2016
2015

22.18 (±.56) b
21.06 (±.78) b
4.97 (±.33) c
5.16 (±.24) b
2.44 (±.54)
2.61 (±.24) a
0.95 (±.05) a
1.23 (±.09) a
8.95 (±.08) a
9.0 (±.08) a
60.5 (±.8) a

28.06 (±.93) b
21.91 (±.67) b
7.15 (±.41) bc
6.07 (±.27) b
2.47 (±.3)
1.97 (±.19) ab
0.94 (±.09) a
1.03 (±.14) a
8.22 (±.1) b
8.91 (±.09) a
53.2 (±1.0) a

26.42 (±1.13) b
21.95 (±.76) b
8.14 (±.49) b
7.32 (±.4) ab
1.75 (±.12)
1.46 (±.08) b
0.66 (±.04) b
0.85 (±.1) ab
8.37 (±.13) ab
8.86 (±.1) a
54.7 (±1.3) a

36.3 (±3.98) a
33.88 (±3.71) a
10.65 (±1.14) a
10.02 (±1.06) a
3.04 (±.57)
2.41 (±.33) ab
0.66 (±.08) b
0.78 (±.11) b
7.35 (±.32) c
7.68 (±.33) b
42.0 (±4.3) b

(%)

2016

60.9 (±.8) a

60.1 (±.9) a

59.6 (±1.0) a

45.2 (±4.1) b
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Appendix B6. Planting seedlings.

Appendix B7. Ring filled with fertilizer to be covered with soil and later removed and
weighed for loss of mass measurement.

114
Appendix B8. Application of CRF to root zone of seedling.

